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ABSTRACT 
Manipulating light by controlling surface plasmons on metals is being discussed as a 
means for bridging the size gap between micrometer-sized photonic circuits and 
nanometer-sized integrated electronics. Plasmonic waveguides based on metal 
nanoparticles are of particular interest for circumventing the diffraction limit, thereby 
enabling high-speed communication over short-range distances in miniaturized micro-
components. However, scalable, inexpensive fine-tuning of particle assemblies remains 
a challenge and near-field probing is required to reveal plasmonic interactions. In this 
thesis, self-assembled waveguides should be produced on DNA scaffolds. DNA origami 
is an extremely versatile and robust self-assembly method which allows scalable 
production of nanostructures with a fine control of assemblies at the nanoscale. To form 
the plasmonic waveguides, six-helix bundle DNA origami nanotubes are used as 
templates for attachment of highly monodisperse and monocrystalline gold 
nanoparticles with an inter-particle distance of 1-2 nm. In the first part of this thesis, the 
effects of parameters which are involved in assembly reactions are systematically 
investigated. The assembly yield and binding occupancy of the gold nanoparticles are 
determined by an automated, high-throughput image analysis of electron micrographs 
of the formed complexes. As a result, unprecedented binding site occupancy and 
assembly yield are achieved with the optimized synthesis protocol. In addition, 
waveguides with different sizes of gold nanoparticles and different inter-particle 
distances, quantum dots attachments to the waveguides and multimerization of the 
waveguides are successfully realized. In the second part of this thesis, direct observation 
of energy transport through a self-assembled waveguide towards a fluorescent 
nanodiamond is demonstrated. High-resolution, near-field mapping of the waveguides 
are studied by electron energy loss spectroscopy and cathodoluminescence imaging 
spectroscopy. The experimental and simulation results reveal that energy propagation 
through the waveguides is enabled by coupled surface plasmon modes. These surface 
plasmon modes are probed at high spatial and spectral resolutions. The scalable self-
assembly approach presented here will enable the construction of complex, 
sub-diffraction plasmonic devices for applications in high-speed optical data 
transmission, quantum information technology, and sensing.  
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ZUSAMMENFASSUNG  
Die Manipulation des Lichts durch die Kontrolle von Oberflächenplasmonen auf metallischen 
Oberflächen und Nanopartikeln gilt als vielversprechende Methode zur Überbrückung der 
Größen-Lücke zwischen Mikrometer-großen photonischen und nanometer-großen 
elektronischen Schaltkreisen. Plasmonische Wellenleiter basierend auf metallischen 
Nanopartikeln sind vom besonderen Interesse, da sie die Umgehung des Beugungslimits und 
somit eine Hochgeschwindigkeitskommunikation über kurze Distanzen in immer kleiner 
werdenden Schaltkreisen ermöglichen könnten. Allerdings ist die skalierbare und 
kostengünstige Anordnung von Partikeln eine große Herausforderung und es werden 
Nahfelduntersuchungen benötigt um plasmonische Interaktionen detektieren zu können. Das 
Ziel dieser Arbeit ist die Selbstassemblierung von multi-partikel Wellenleitern auf DNA 
Gerüsten. Die Verwendung von DNA-Origami bietet eine äußerst vielseitige Plattform zur 
skalierbaren Herstellung von Nanostrukturen mittels Selbstassemblierung und ermöglicht eine 
präzise Kontrolle der Anordnungen im Nanobereich. Für den Aufbau der plasmonischen 
Wellenleiter werden DNA-Origami Nanoröhren, bestehend aus sechs Helices als Templat für 
die Anbindung von monodispersen und monokristallinen Goldnanopartikeln mit einem 
interpartikulären Abstand von 1-2 nm verwendet. Im ersten Abschnitt dieser Arbeit werden die 
beeinflussenden Faktoren dieser Assemblierungsreaktion systematisch untersucht. Die 
Ausbeute der assemblierten Strukturen und die Besetzung der Bindungsstellen werden durch 
eine automatisierte und effiziente Bildanalyse von Elektronenmikroskopieaufnahmen 
ausgewertet. Durch die Entwicklung eines optimierten Syntheseprotokolls werden bisher 
unerreichte Assemblierungsausbeuten ermöglicht. Zusätzlich erfolgen die experimentelle 
Realisierung von Strukturen mit verschieden großen Goldnanopartikeln und unterschiedlichen 
interpartikulären Abständen, sowie die Anbindung von Quantenpunkten an die Wellenleiter und 
eine Verknüpfung der assemblierten Strukturen. Der zweite Abschnitt dieser Dissertation befasst 
sich mit der Untersuchung des Energietransports in selbstassemblierten Wellenleitern über einen 
fluoreszierenden Nanodiamanten. Dazu erfolgen hochaufgelöste Nahfeldmessungen der 
Wellenleiter mittels Elektronenenergieverlustspektroskopie und Kathodolumineszenz-
mikroskopie. Die experimentellen Ergebnisse und zusätzlich durchgeführte Simulationen 
bestätigen eine durch gekoppelte Oberflächenplasmonenmoden induzierte Weitergabe der 
Energie innerhalb des Wellenleiters. Diese Oberflächenplasmonenmoden werden bei hoher 
räumlicher und spektraler Auflösung untersucht. Das hier umgesetzte Konzept der 
Selbstassemblierung wird den Aufbau komplexer plasmonischer Geräte für Anwendungen im 
Bereich der optischen Hochgeschwindigkeitsdatenübertragung, der Quanteninformations-
technolgie und der Sensorik ermöglichen.
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1 INTRODUCTION 
1.1 Plasmonics 
Plasmonics is an emerging and rapidly growing field of science and technology, which 
exploits the peculiar optical properties of metallic nanostructures to generate, confine, 
manipulate, control and route light at the subwavelength scale [1]–[3]. This demanding 
field has broad applications in physics, chemistry, materials science, biology, medicine 
and integrated optics. To give some examples, field-enhanced spectroscopies [4], [5], 
advancing near-field optical techniques [6], [7], optical switching, transmission and 
light-emitting devices [8]–[10], metamaterials [11], [12], tracking biological dynamic 
processes [13], drug delivery [14] and cancer diagnosis and therapy [15], [16]. There are 
three fundamental driving forces behind the advancement of the plasmonics. First, 
development of chemical synthesis, self-assembly and lithographic techniques that 
allow production of metallic nanostructures and assemblies with large diversity and high 
complexity. Second, development of spectroscopy and measurement techniques which 
enable high-resolution mapping, imaging and ultra-fast time-scale probing of plasmonic 
structures. Last, advancement of electromagnetic modeling methods which are expanded 
to simulate complex plasmonic systems and thereby provide detailed information and 
quantitative analysis.   
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1.1.1 Surface plasmons 
The interaction of electromagnetic waves with metals relies on the response of collective 
oscillation of free conduction electrons in metals, called plasmon, to the electric field. 
The Drude model based on classical mechanics [17] describes that the oscillation of the 
free electrons is 180° out of phase with the electric field which results in a negative 
dielectric constant for the most metals. That leads a very high reflectivity and is the 
reason why bulk metals are shiny. In contrast, in the case of the interaction of light with 
metal nanostructures, the feature of plasmons is prominent and resulting extraordinary 
optical scattering and absorption properties in the visible regime for the noble metal 
nanostructures such as copper, aluminum, silver and gold [18].  
 
Figure 1.1 | Schematic illustrations of surface plasmons. (a) Propagating surface 
plasmon (or surface plasmon polaritons) at the metal-dielectric interface. (b) Plasmon 
oscillation in spherical metal nanoparticle (localized surface plasmons). Reproduced 
from [19]. 
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Figure 1.1a depicts a surface plasmon (SP) which propagates as an electron density wave 
when the electromagnetic wave interacts with a thin metal film. This incident light 
induces alternating positive and negative charges on the metal surface, which lead to 
propagating SPs, often called surface plasmon polaritons (SPP), in the x- and 
y-directions along the metal-dielectric interface. Their electromagnetic field intensity is 
highest at the metal surface and decays exponentially in the z-direction [20]. When the 
light interacts with metal nanoparticles (in the case of the size particles is much smaller 
than the wavelength of incident light), the plasmons locally oscillate around the particles. 
This is so-called localized surface plasmons (LSPs), see Figure 1.1b. The LSPs are able 
to squeeze light into nanoscale volumes and generate large local electromagnetic fields 
enhancements. This enhancement decreases evanescently with the distance from the 
surface. 
The surface plasmon wave (or electron density wave) is a transverse magnetic polarized 
wave (magnetic vector is perpendicular to the direction of propagation of the surface 
plasmon wave). The SPs resonate when the frequency of plasmon mode (dipole, 
quadrupole, etc. depending on the size and type of metal structure) is the same as the 
frequency of incident light. This condition is called surface plasmon resonance (SPR) 
and the strongest signal of SP is obtained at this condition. The wave vector of the 
surface plasmon is related to the dielectric constant (hence refractive index) of both 
surrounding medium and metal. The local environment can be sensed by measuring the 
shift of SPR wavelength or measuring the changes of angle in the reflected signal. 
Therefore, the SPR is widely used in well-established optical biosensing technology 
[21], [22].  
1.1.2 Optical properties of metal nanoparticles  
The optical properties of metallic nanoparticles have fascinated people since the 
Romans. Historically, metal nanoparticles were used to stain glass windows and ceramic 
pottery, such as the example seen in Figure 1.2a, the Lycurgus cup from the 4th century 
A. D. The glass cup displayed in the British Museum exhibits a ruby red color when it 
is viewed in transmitted light, whereas it appears green in reflection. This behavior arises 
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from small gold nanoparticles embedded in the glass. Although this effect has been 
known for centuries, the scientific understanding has only begun with the development 
of classical electromagnetic theory. 
 
Figure 1.2 | Optical properties of noble metal nanoparticles. The Lycurgus glass cups, 
demonstrating the green color in reflected light (left), and bright red color in transmitted 
light (right), from the British Museum [23]. (b) Calculated (red dots) and measured 
(black dots) absorption spectra of 30 nm gold nanoparticles. For comparison, the 
calculated absorption spectrum of a thin gold film (blue dots) [24]. (c) Scanning electron 
micrographs (top-left), dark-field images (bottom-left), and dark-field scattering spectra 
(right) of a rod, a disc, and two triangles (from right to left), scale bar 300 nm [25]. 
Reproduced from the respective references of the panels. 
In 1908, Gustav Mie developed a theory approximating the solution of Maxwell’s 
equations, describing the interaction of visible light with submicron size metal 
particles [26]. This approximation explains the strong absorption of green light by a 
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spherical gold nanoparticle when the plane wave is incident on the particle, see 
Figure 1.2b. 
The optical properties of metal nanoparticles such as silver, copper, gold show 
differences compared to their bulk or thin-film optical responses. This is due to LSPs 
that strongly scatter and absorb light. Figure 1.2b demonstrates the calculated and 
measured absorption spectra of 30 nm spherical gold nanoparticles dispersed in water. 
The calculated spectra for gold sphere were obtained by solving Maxwell’s equations 
based on Mie theory. As shown in the spectra, this quasistatic approximation matches 
the measurement of the gold nanoparticle nanoparticles with a diameter d << λ. In 
contrast, the absorption spectrum of a thin gold film (blue dots in Figure 1.2b) shows a 
remarkable difference compared to the optical response of the nanoparticles. The film 
absorbs light all over the near-infrared and visible spectral regions due to free electron 
absorption. In the case of gold nanoparticles, this process is strongly dampened at the 
energies below 2 eV in the spectrum and shows dipolar SPR absorption peak at 2.25 eV 
(~550 nm in wavelength). 
The colors displayed by metal nanoparticles depend on the type of material they are 
made of, their size and shape, and the surrounding medium. Figure 1.2c shows electron 
micrograph and dark field microscopy image of a rod, a disc and two different sized of 
triangles fabricated by electron-beam lithography. They exhibit different colors in the 
dark-filed image due to their different SPR frequencies which were detected in scattering 
spectra. As explained in the previous section, the oscillating electric field of the incident 
light produces a force on the free conduction electrons on the surface of the metal 
nanoparticles, which induces a formation of a dipole (polarization of charges on the 
particle). The displacement of the electrons with respect to the positive charges 
(redistribution of the charges) leads to a restoring force. This restoring force and the 
polarizability of metal particles depend on the shape of the metal particle, permittivity 
of metal and the surrounding medium. The relative permittivity (refractive index) is not 
constant but varies with frequency (wavelength). The color exhibited in metal particles 
is defined by SPR condition where the frequency of incident light and plasmons are 
closest. The SPR for a gold nanodisc occurs in the green part of the spectrum (~550 nm), 
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whereas for a gold nanorod it occurs in near infrared region (or infrared depending on 
the aspect ratio of the rod), as it is shown in Figure 1.2c scattering spectra.   
1.2 DNA nanotechnology 
There are two fundamental approaches for the fabrication of nanostructures: ‘top-down’ 
and ‘bottom-up’. The top-down approach uses large-scale materials and reduces their 
size to form the small structures with desired dimensions and patterns. This process 
requires rather expensive and sophisticated instrumentation. Conversely, the bottom-up 
approach uses the information of the molecules to direct the self-assembly into 
nanostructures. It provides highly parallel production of nanostructures with large 
diversity and high complexity. 
In the bottom-up methods, DNA is widely-used as a building material [27], [28] for 
many reasons. DNA has a unique molecular recognition property which allows 
programmable intra- and inter-molecular interactions to construct pre-defined micro and 
nanostructures [29]–[31]. DNA is a stiff, biocompatible molecule that can be cheaply 
synthesized [32], [33]. For these reasons, the use of DNA has received considerable 
attention in nanotechnology for applications in various fields [34], [35].  
1.2.1 The structure and properties of DNA 
Deoxyribonucleic acid (DNA) is a molecule that stores the genetic instructions 
necessary for functions and biological evolution of all organisms and some viruses. 
In 1869, DNA was first isolated from the leukocytes’ nuclei (white blood cells) and 
named as “nuclein” by Friedrich Miescher [36]. In 1953,  the double helical molecular 
model of DNA was developed by James Watson and Francis Crick [37] based on the 
X-ray crystallography data obtained by Rosalind Franklin and Maurice Wilkins [38]. 
DNA is a long polymer composed of repeating units so-called “nucleotides”. The DNA 
double helix structure is formed by hybridizing two complementary chains. The 
diameter of the right-handed double helix is 2 nm, one helical turn is 3.4 nm 
(10.5 nucleotides) and the spacing between adjacent nucleotides is 0.34 nm [39], see 
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Figure 1.3a. Each nucleotide (nt) consists of a five-carbon sugar (deoxyribose), one of 
four nitrogenous nucleobases adenine (A), thymine (T), cytosine (C) or guanine (G) and 
a phosphate group. The nucleobases are divided into two groups: purines (A and G) are 
fused five- and six-membered heterocyclic compounds and pyrimidines (T and C) are 
consisting of a six-membered ring.  
 
Figure 1.3 | Scheme of the B-form, right-handed DNA double helix structure. 
(a) Three-dimensional DNA double helix model by James Watson and Francis Crick. 
(b) Chemical structure and the Watson-Crick base pairing of the DNA double helix. 
Reproduced from [40]. 
The backbone of the DNA strand is composed of alternating sugar and phosphate 
residues. These sugar residues are interconnected by phosphodiester bonds between the 
third and fifth carbon atoms of the adjacent sugar rings. In the DNA double helix, each 
strand has a polarity which is dictated by the sugar groups, and the two strands have 
opposite directionality. The DNA strands are antiparallel with a terminal phosphate 
group at the one end and a terminal hydroxyl group at the other end [40], see Figure 1.3b. 
As a result of the asymmetric arrangement of the DNA double strands, the DNA double 
helix has unequally sized two grooves: a major groove with a width of 2.2 nm and a 
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minor groove with a width of 1.2 nm [41].  The major grove is usually more accessible 
to DNA-binding proteins, for example transcription factors, compare to the minor 
groove [42].  
DNA can exist in various forms including right-handed B-DNA, A-DNA and 
left-handed Z-DNA [43]. DNA adopts the conformation depending on the base sequence 
and the environmental factors such as type and concentration of metal ions, hydration 
level and the presence of polyamines in solution [44]. For example, A-form is shorter, 
wider and more compact compared to the B-form, and the A-form occurs when the DNA 
is dehydrated or for RNA. Different DNA conformations can be observed by X-ray 
crystallography, but the B-form is the most common form under physiological 
conditions. 
The DNA double strands are held together by Watson-Crick base pairing i.e. A-T base 
pairs with two hydrogen bonds and G-C base pairs with three hydrogen bonds [40], [45], 
[46]. Therefore, the DNA with rich G-C pairs is more stable than the DNA with lower 
G-C pairs [47]. However, the hydrogen bonding between base pairs is a relatively weak 
molecular force, less than one-tenth that of a covalent binding energy [48], it is a 
cooperative effect that stabilizes the DNA molecule. The double helix structure is 
maintained mainly by base stacking (π-stacking) interaction between adjacent bases 
[49]. The stability of DNA depends on the length, percentage of GC content, sequence 
(base stacking), the concentration of the DNA and the ionic strength. The stability can 
be determined by measuring the melting temperature at which half of the double-
stranded DNA molecules fall apart to single-stranded DNA molecules [50], [51].  
1.2.2 Structural DNA nanotechnology 
In the early eighties, Nadrian Seeman introduced a revolutionary idea i.e. DNA is not 
only a genetic information carrier but DNA can also be used as a building material owing 
to its molecular recognition properties (Watson-Crick base pairing). His idea was to 
form a 3D crystal by self-assembling DNA branched-junctions with single-stranded 
overhangs (sticky ends, see Figure 1.4a) and to use this 3D crystal as a scaffold for the 
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precise organization of proteins and other bio-macromolecules (Figure 1.4b), hence 
enabling the macromolecular crystallization [52].  
 
Figure 1.4 | The groundwork of structural DNA nanotechnology. (a) Self-assembly of 
DNA branched-junctions into a 2D crystal. (b) A DNA scaffold for positioning 
bio-macromolecules. (c) 3D DNA cube by ligation of DNA branched junctions.  
Reproduced from [53]. 
In 1991, a DNA 3D cube (Figure 1.4c) was experimentally constructed by ligating the 
three-arm junctions with sticky-ends [54]. Afterwards, double-crossover [55] and triple-
crossover [56], [57] molecules were introduced as DNA self-assembly building blocks 
to increase rigidity. These molecules were then used to build periodic 2D crystal lattices 
by sticky ends hybridization [58], [59]. This approach was further developed with the 
aid of computational design, and various complex shapes were assembled into 2D and 
3D nanostructures by using single-stranded DNA tiles [60], [61]. The concept founded 
by Seeman was an important breakthrough towards the development of DNA 
nanotechnology. 
1.2.3 DNA origami  
In 2006, Paul Rothemund introduced a breakthrough approach, called DNA origami, 
which is based on folding a long, single-stranded DNA molecule into arbitrary 2D 
shapes [62]. This is achieved by the addition of typically around 200 synthetic short 
oligonucleotides, “staple strands” that bring together selected parts of the long, single 
DNA strand, “scaffold strand”, see Figure 1.5a. The circular scaffold strand is typically 
from the M13mp18 virus and ~7 kilobases in length. He demonstrated that staple strands 
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and scaffold strand were self-assembled by Watson-Crick base pairing in one-pot 
annealing reaction, resulting in desired planar DNA origami shapes including squares, 
five-pointed stars, smiley face and many others (Figure 1.5b). These DNA origami 
structures are about 100 nm in diameter with 6 nm spatial resolution. He further showed 
patterning by designing hairpins at a defined position and combining DNA origami 
shapes by introducing “extended staples” that connected shapes along their edges. The 
patterned DNA origami structures such as a map of the western hemisphere and letters 
of “DNA” were assembled and larger 2D periodic lattices were realized by the controlled 
combination of DNA origami structures. The results presented in the paper of 
Rothemund [62] reveal that DNA origami is a programmable and highly versatile 
technique, which provides a simple, inexpensive and scalable way for producing 
nanostructures of high complexity. 
 
Figure 1.5 | DNA origami technique by Rothemund. (a) A long circular genomic DNA 
strand folded into the desired shape with the aid of small staple strands. (b) Top, 
diagrams of the computationally designed star and a smiley face. Bottom, AFM images 
of 2D DNA origami shapes. Reproduced from [62]. 
In 2009, the group of William Shih transformed the DNA origami approach into 3D 
structures by pleating the layers of double helices constrained to a honeycomb lattice 
with the aid of crossover staple strands, see Figure 1.6a [63]. Subsequently, a stacking 
strategy of the multilayer of DNA double helices into square lattices was demonstrated 
for densely packed 3D structures [64]. Both honeycomb and square lattices can be used 
to efficiently create complex and rigid 3D DNA origami structures. DNA origami 
Chapter 1: Introduction 
Fatih Nadi Gür – December 2017   11 
 
structures were designed by using a graphical interface-based, computer-aided software. 
This program is called caDNAno and developed by Shawn Douglas [65]. Furthermore, 
twisted and curved structures were introduced by targeted base insertions/deletions to 
adjust the distance between crossovers [66], see Figure 1.6b.  In Dietz et al. study, they 
showed that the degree of curvature could be quantitatively controlled and a radius of 
curvature down to 6 nm was achieved [66]. Another strategy was demonstrated by 
Gerling et al. that discrete 3D DNA origami objects could self-assemble based on 
shape-complementarity without base pairing [67]. With this principle, dynamic devices 
including an actuator, a switchable gear, and a nanorobot were constructed, see 
Figure 1.6c. These multimeric assemblies were stabilized by base stacking interactions 
that compete against electrostatic repulsion between the interfaces of the multimers. 
They achieved to finely tune the conformation of the assemblies by the parameters such 
as cation concentration or temperature. 
 
Figure 1.6 | 3D DNA origami structures.  Top, the schemes of the designed DNA 
origami structures. Bottom, TEM micrographs of the respective assembled structures. 
(a) Square nut structure by Douglas et al. [63], scale bar, 20 nm. (b) Curved structure 
by Dietz et al. [66], scale bar, 20 nm. (c) DNA origami nanorobot by Gerling et al. [67], 
scale bar, 25 nm. (d) A Stanford bunny structure, 3D mesh rendered in DNA by Benson 
et al. [68], scale bar, 50 nm. Reproduced from the respective references of the panels.  
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In addition to these strategies, different designs and structures were developed by several 
other groups. For examples, 3D DNA prestressed tensegrity structures [69], DNA 
gridiron nanostructures [70] and DNA box with a controllable lid [71]. Most recently, 
wireframe 3D DNA origami meshes have been created with the advanced computational 
designs [68], [72], [73], one example Stanford bunny is depicted in Figure 1.6d. In that 
study, the computer algorithm was developed to convert the structure into a triangulated 
mesh and the contour of the structure was traced. Unlike conventional DNA origami 
structures assembled from closely packed helices, these mesh designs have more open 
conformations thereby, they are more stable in low-salt buffers that usually used in 
biological assays. 
1.2.4 DNA origami based plasmonic nanostructures 
DNA origami is one of the most promising techniques which provides not only highly 
parallel fabrication of structures with large diversity but also the organization of 
materials with nanometer precision. Since DNA has remarkable recognition features and 
each unique staple strand in DNA origami structure can be used as a specific site, various 
functional elements have been precisely arranged including metallic nanoparticles [74]–
[76], quantum dots [77], [78], fluorescent dyes [79], fluorescent nanodiamonds [80], 
proteins [81], [82], carbon nanotubes [83] and most recently semiconducting polymers 
[84]. The combination of metallic nanoparticles, quantum dots, and organic dyes is also 
hierarchically assembled [85]. The focus in this section is particularly on DNA origami-
metallic nanoparticles assemblies for the study of plasmonics. 
Ding et al. [74] demonstrated a strategy to construct a linear chain of six AuNPs with 
pairs of 5, 10 and 15 nm sizes on planar triangular DNA origami structure, see 
Figure 1.7a. The bowtie-like alignment was achieved by using orthogonal binding sites 
for the attachment of each size of AuNPs and functionalizing each size of AuNPs with 
thiol-modified oligonucleotides that were complementary to the corresponding binding 
sites. The binding sites were extended from the DNA origami structure and each binding 
site comprises three identical ss DNA extensions. Electron micrographs confirmed the 
designed arrangement. The UV-Vis absorption measurement of these assemblies was 
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performed, and 5 nm red-shift was observed on the plasmon resonance peak. Since the 
inter-particle distance (~10) is comparable with the diameter of the particles, the 
plasmon coupling was not strong thereby the shift was not large. In addition to AuNPs, 
gold nanorods [86], silver nanoparticles [87] were also assembled on the same DNA 
origami design with the same strategy. Recently, the group of Ilko bald demonstrated 
closely spaced arrangement of 10, 20, and 60 nm AuNPs on the same 2D triangular 
origami structure as plasmonic gold nanolenses for surface-enhanced Raman scattering 
(SERS) [88].  
 
Figure 1.7 | DNA origami templated plasmonic nanostructures. (a) Different-sized 
gold nanoparticles assembled on a triangular DNA origami template [74]. (b) Gold 
nanoparticle dimer assembled a DNA origami platform for surface-enhanced Raman 
spectroscopy [89]. (c) DNA origami pillar with two gold nanoparticles forming a dimer 
for fluorescent enhancement [90]. (d) DNA origami-gold nanoparticle ring structures 
[91]. (e) DNA origami gold nanoparticle helices for circular dichroism [75]. 
(f) Reconfigurable 3D plasmonic metamolecules [92]. Reproduced from the respective 
references of the panels. 
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The AuNP dimer assemblies act as nanoantennas so they create a local field 
enhancement, so-called plasmonic hot-spot, for fluorescent [90] and Raman [89], [93] 
signals. Thacker et al. demonstrated the 2x40 nm AuNPs dimer assemblies on DNA 
origami structure with 3.3 nm gap size [89], Figure 1.7b. They observed a local field 
enhancement of several orders of magnitude by the SERS detection of dye molecules. 
Acuna et al. [90] reported a nanoantenna from two 100 nm AuNPs assembled on a DNA 
origami nanopillar with 23 nm inter-particle distance. A docking site was introduced on 
the gap for the attachment of a dye-modified oligonucleotide, see Figure 1.7c. A 
maximum of 117-fold fluorescence enhancement was achieved when the dye molecule 
was positioned in the gap.  
The group of Tim Liedl fabricated a wide variety of ring-shaped plasmonic 
metamolecules that are composed of four to eight single AuNPs, see Figure 1.7d [91]. 
Scattering spectra of single rings attached to a substrate (dried state) and absorption 
spectra of the rings (dispersed in solution) were used to reveal plasmonic features. Ring 
structures exhibited dipolar, multipolar and magnetic plasmon resonance modes. The 
correlation between the plasmon resonance modes and shape of the structures was 
investigated. 
Two reports [75], [94] from two independent groups demonstrated that chiral assembly 
of AuNPs on DNA origami tubes (Figure 1.7e), exhibited defined circular dichroism, 
(CD), which the differential absorption of left and right circularly polarized light) in the 
visible range. The CD signal originated from the plasmon coupling between the 
particles, therefore the intensity of the signal was strongly dependent on the particle size 
and the inter-particle gap. The strength of the signal was increased up to 400-fold and 
CD peak was shifted to longer wavelengths by the metal growth of 10-nm seed AuNPs 
that were already into the chiral assembly. By the controlled metal growth (both silver 
and gold were utilized), the gap size can be tuned which led to tailoring optical response 
of the chiral plasmonic assemblies. After these reports, numerous CD studies [95], [96] 
came out including 3D gold nanorods-DNA origami metamolecules with tunable 
conformational states (Figure 1.7f) [92], 3D chiral tetramers [97], gold nanorod helical 
Chapter 1: Introduction 
Fatih Nadi Gür – December 2017   15 
 
superstructures [98] and most recently chiral gold nanorod-nanoparticle helical 
superstructures [99]. 
1.3 Plasmonic waveguides based on metal nanoparticles 
The fundamental problem of integrated optics is the transmission of light energy in 
materials which are much smaller than the corresponding wavelength of light [100]. 
With plasmonic waveguides based on closely spaced metal nanoparticles, sub-micron 
3D confinement is achievable with defined surface plasmon resonances at a particular 
frequency (typically in Vis and IR regimes). For this reason, the focus in this section is 
particularly on plasmonic waveguides based on metal nanoparticles.   
The groundbreaking work by Maier et al. demonstrated a direct experimental 
observation for energy transfer along the 1D metal nanoparticle chain waveguides [101]. 
The waveguide structures were fabricated serially by electron beam lithography, and 
consisting of silver nanorods with dimensions of 90 nm x 30 nm x 30 nm and 
inter-particle spacing of 50 nm. The far-field extinction spectra were measured upon 
transverse illumination (along to the long axis of rods chain) and a significant blue-shift, 
due to near-field plasmon coupling between the rods, was observed compared to the 
single rod. The surface plasmons in the waveguide were locally excited by the tip of a 
near-field optical microscope (NSOM) and the energy transfer along the rod chain over 
a distance of 500 nm was detected by the far-field emission of polymer beads containing 
fluorescent dyes, see Figure 1.8a.  In this study, a decay length of 6 dB per 195 ± 28 nm 
was obtained. Afterwards, the major aspects of this coupling approach were verified by 
the numerical analysis report [102], and the applications such as condensers [103] and 
nanolenses [104] were suggested. However, in these studies, the scalable fabrication, 
hetero-complex structures with short inter-particle spacing are not possible. 
The group of Stephan Link proposed a new fabrication technique which is based on the 
combination of a serial top-down approach and parallel bottom-up assembly of 
monocrystalline metal nanoparticles [105]–[107]. The chemically synthesized silver 
nanoparticles were deposited into the polymer trenches which were written by electron 
beam lithography. Complex chain geometries including straight, branched, bent 
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(Figure 1.8b) were characterized by bleach-imaged plasmon propagation far-field 
fluorescence technique, and a propagation length of ~8 micron was achieved for bent 
silver nanoparticle chains. 
 
Figure 1.8 | Plasmonic waveguides based on metal nanoparticles. (a) Schematic 
illustration of excitation and detection of energy transport in silver-nanorod based 
plasmonic waveguides by NSOM, by Maier et al.[101]. (b) Bent plasmonic silver 
nanoparticle multi-chain waveguides by Solis et al.[107]. (c) Gold nanoparticle chains 
from monomer to hexamer by Barrow et al.[108]. (d) Multi-scaffold DNA origami-based 
nanoparticle waveguides by Klein et al.[109]. (e) DNA origami-based gold nanoparticle 
waveguide with a thermomechanical switch by Vogele et al.[110]. (f) DNA origami-
templated heterogeneous trimer structure for non-dissipative and ultrafast energy 
transport by Roller et al.[111]. Reproduced from the respective references of the panels. 
The number of chains in these geometries was random, and these structures were 
composed of typically ∼4 nanoparticles in width and ∼3 nanoparticles in height. 
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Furthermore, they showed the properties of radiative and non-radiative plasmonic sub-
modes for single nanoparticle assemblies [112]. Similar to this fabrication approach, the 
group of Andreas Fery showed linear assemblies with controllable line width, single 
particle, dimer or tetramer chains with an inter-particle spacing of 1−2 nm. The chains 
were fabricated over centimeter-squared areas by plasma oxidation of stretched polymer 
templates assisted assembly of protein-coated chemically synthesized gold 
nanoparticles [113]. UV/Vis/NIR spectroscopy results confirmed the strong plasmonic 
coupling between the particles. The shortcoming of these methods is there is no spatial 
control over individual particle positioning, thus producing hybrid plasmonic systems is 
not possible.    
The work by Barrow et al. proposed a pure self-assembly approach for linear chains of 
gold nanoparticles from monomer to hexamer with an inter-particle spacing of 
1 nm [108], see Figure 1.8c. The self-assembly was based on the functionalizing of gold 
nanoparticles with thiolated oligonucleotides. The gold nanoparticles were linked by 
DNA hybridization and therefore random assemblies and aggregates were also observed. 
The light scattering signal of these linear chain assemblies showed a gradual red-shift of 
the surface plasmon resonance with increasing chain length. The same group later on 
investigated the same assemblies by electron energy loss spectroscopy and mapped the 
bright and dark (radiative and non-radiative) plasmonic modes of the chains [114]. 
Although this study provides extremely short inter-particle spacing, it does not provide 
the control over the chain length. The maximum number of AuNPs in the chain they 
randomly found is six.  
The DNA directed self-assembly of particles into linear chains was advanced in the work 
of Klein et al. by using multi-scaffold DNA origami nanotubes and controllable 
arranging of gold nanoparticles on the tubes [109]. These DNA origami templated 
waveguides were composed of gold nanoparticles with a diameter of 10 nm and a 14 nm 
center-to-center spacing between adjacent particles, see Figure 1.8d. The far-field 
polarization spectroscopy results revealed a 20 nm red-shift of the plasmon resonance 
of the gold nanoparticle chains. This study uses DNA origami method, hence there is a 
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spatial control over the particle positioning. However, they used small particles with 
comparable inter-particle distances, and thus the plasmon coupling is not strong.  
The work by Vogele et al. demonstrated the energy transfer through a single layer of 
DNA origami templated gold nanoparticle chain over a distance of 50 nm [110]. The 
waveguide was composed of five gold nanoparticles with a diameter of 10 nm and ~2 nm 
inter-particle spacing. The waveguide was excited at one end by donor fluorescent dyes 
which were attached to the first particle, and energy transfer was detected by 
fluorescence microspore measurement by the emission of acceptor dyes which were 
located at the last particle, see Figure 1.8e. The bulk fluorescent measurement was in 
solution and the results showed a very little spectral difference between the emission of 
the acceptor dye on the waveguides and the emission of the dyes on the single particles. 
The idea of this study is similar to the Maier et al. [101], see Figure 1.8a, however they 
use very small AuNPs (~5 nm) and the overall waveguide length is 50 nm. For this 
reason, it cannot be considered as a waveguide. The shortcomings of this study are: 
far-field measurement technique was used for the bulk sample measurement in solution 
with unknown structure conformations, lack of important control experiments, and lack 
of simulation results.  
The study by Roller et al. demonstrated a DNA origami templated assembly of 
heterogeneous triple particle system consisting of two gold nanoparticles (40 nm in 
diameter) and a silver particle (30 nm in diameter) in between the two gold 
nanoparticles [111], see Figure 1.8f. The strong plasmonic coupling and strong hot-spots 
between the particles led to an almost lossless coupling and coherent ultrafast energy 
transfer over a distance of 118 nm. The dark-field scattering spectra revealed a ~40 nm 
red-shift between the homo-dimer (with missing silver particle in the middle, with 38 
nm gap between the gold particles) and the hetero-trimer assemblies. This study is one 
of the best compared to the others in Figure 1.8. It provides scalable production with 
controlled heterogeneous particle assembly, and the modeling results strongly support 
experimental findings. However, for the waveguiding purpose, it is too short (118 nm in 
length) and this study used a far-field optical technique. In order to spatially resolve SP 
modes for the waveguiding, near-field techniques are required. 
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1.4 Characterization techniques for plasmonic 
nanostructures 
In general, microscopy techniques can be classified into three categories: optical 
microscopy, electron microscopy, and scanning probe microscopy. They use light 
(optical microscopes), electrons (electron microscopes) or nanoscale-sharp tips 
(scanning probe microscopes) for the excitation and imaging the samples. In addition to 
obtaining static images, the excitations of the samples can provide the information about 
dynamic evolution and interactions in the samples. Therefore, the focus is to perform 
spectroscopy with the highest spatial and spectral resolution for the study of plasmonic 
systems. Figure 1.9 depicts an atlas of experimental spectroscopy techniques which are 
usually used to characterize plasmonic systems. The spectroscopy techniques are 
positioned in the atlas according to their spatial and energy resolutions.  
 
Figure 1.9 | Atlas of spatially resolved spectroscopy techniques. Reproduced 
from [115]. 
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Far-field optical microscopes including fluorescence microscopes, dark-field 
microscopes, circular dichroism and UV-Vis spectrophotometer are widely-used 
techniques to study plasmonic structures, but are in principle diffraction-limited to a 
resolution of about half of the wavelength of light. Several super-resolution microscopy 
techniques have been advanced to circumvent the diffraction limit and shortened the 
lateral resolution down to below 100 nm [116]. However, these optical techniques often 
require special fluorescent markers.  
The developments in x-ray microscopy (XRM) allowed a resolution of sub-15 nm for 
imaging at a photon energy of 250 eV [117]. Near-field scanning optical microscopy 
(NSOM) uses a nanoscale tip that collects or illuminates the light. Using NSOM 
localized probes, the spatial resolution can be increased to tens of nanometer [118]. 
However, the spatial resolution is limited by the diameter of the tip which is typically 
~50 nm. Scanning tunneling microscopy/spectroscopy (STM/STS) can yield  a sub-
angstrom spatial resolution (best on the map) and 0.1 eV energy resolution [119]. 
However, STS applies only for metallic samples and a close proximity between tip and 
sample is required to achieve sub-angstrom resolution, thereby single-electron 
excitations dominate the spectra which makes SPR peak indistinguishable in the spectra. 
In general, scanning probe techniques rely on the tip geometry that can be 
experimentally challenging to control and the scanning can often be slow. 
On the other hand, electron microscopes are fast and reliable, thus the best option for 
providing sub-nanometer spatial resolution and <0.1 eV energy resolution [120] for 
investigation of plasmonic systems. Electron microscope based spectroscopies can be 
classified according to the type of the measured signal. For instance, photoemission 
electron microscopy is based on the photoelectric effect. For this, the sample is 
illuminated by light and emitted photoelectrons are collected and used to form image 
contrast [121], [122]. In contrary, cathodoluminescence (CL) spectroscopy uses a 
focused electron beam for the excitation and emitted light is detected. Electron energy 
loss spectroscopy (EELS) uses transmission electron microscope and measures the loss 
events due to inelastic scattering. EELS and CL are explained in more detail in chapter 4 
and 5, respectively.  
Chapter 2: Motivation and objectives 
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2 MOTIVATION AND 
OBJECTIVES 
The main goal of current research is miniaturization of optical devices and integration 
of these devices into the optoelectronic circuitry. Current technologies have 
revolutionized fabrication of integrated optical components which are optical fibers and 
planar waveguides. However, these waveguides are not able to guide light around sharp 
corners [123]. Furthermore, the size of these devices is restricted by the diffraction limit, 
thereby there is a size mismatch between these waveguides (typically micron range) and 
integrated electronic component (typically nanometer range). There has been a 
remarkable effort on propagating SPs in metals over the last decades.  However, the 
propagation of SPs in bulk metal decays evanescently when reducing the width of metal 
stripe below diffraction limit [124]. On the other hand, LSPs on the metal nanoparticles 
are able to confine light to a very small volume [2], [125], [126]. Metal nanoparticle 
based plasmonic devices can generate, guide and manipulate localized light for the 
miniaturized photonic circuits [127] thus for the next generation high-speed chip 
technology [124]. For this reason, metal nanoparticles play a key role in the revolution 
of that is pushing optics below the diffraction limit. Propagating nature of the SPs is 
indeed particular interest for carrying electromagnetic energy at the nanoscale [24], 
[128] for short-distance communications and bridging the size-gap between optical 
elements and electronic components. 
There has been a significant amount of studies on metal nanoparticle-based plasmonic 
waveguides, and only a few of them reported a direct experimental realization of energy 
transport below the diffraction limit [9],[10]. However, most of the analyzed 
nanoparticle arrays rely on top-down fabrication methods, particularly electron beam 
lithography technique [101], [129], [130], which suffers from high cost, non-scalable 
production, and comparable inter-particle distances to the particle sizes (Maier et al., see 
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Figure 1.8a). In addition, only one type flat structures can be fabricated with often crystal 
imperfections. Complex, multi-component, hybrid systems cannot be produced by 
lithography methods [131]. Alternatively, chemical synthesis can yield highly 
monodispersed and monocrystalline particles with a great variety of shapes and sizes 
including spheres, rods, cubes, triangles, stars, and many more [132]. Moreover, 
chemical synthesis methods provide low-cost, high scalable production. Other 
approaches for straight [106] and bent [107] (Solis et al., see Figure 1.8b) closely packed 
gold and silver nanoparticle chains waveguides, respectively have been reported by 
combining self-assembly and lithography methods. These studies have revealed that 
low-loss and longer propagation length owing to extremely short inter-particle distances, 
which results in strong plasmon coupling. However, there is no spatial control over the 
positioning of individual particles in these assemblies.  In addition, the dark-field and 
fluorescence optical spectroscopy results have clarified that the results are for collective 
coupling of several disordered particles in the chains but not a single particle chain.  
On the other hand, DNA has been used for constructing programmable building 
blocks [133] and assembling colloidal metal nanoparticles into higher order, 3-D 
crystalline macroscopic materials [134], [135]. Moreover, DNA has recently received 
considerable attention for building complex plasmonic nanostructures [136], [137]. 
Particularly, DNA origami [28], [63] is one of the most promising approaches, which 
offers spatial control over the positioning of individual particles at the nanoscale with 
high yields [138]. DNA origami templated dimers [90], trimers [111], chains [109], 
[110] and chiral [75] metal nanoparticle assemblies have been experimentally realized. 
However, all these studies have been concentrated on the limited spatial resolution of 
optical microscopy techniques. Circular dichroism and fluorescent spectroscopy are 
commonly used, where far-field absorption and emission of bulk samples are measured 
in solution with often unknown chain conformation (see Figure 1.8e). Therefore, 
resulting in larger inter-particle distance due to the larger hydrodynamic sizes of ss DNA 
capped particles. Another widely used optical technique is dark-field microscopy, where 
single structure scattering is measured in a dried state. In this case, electron microscopy 
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imaging is necessary to labor intense correlation of the same optically measured 
structure functions and morphologies.  
Despite the fact that far-field optical spectroscopies provide insightful information about 
optical properties of particle assemblies, one cannot rely on far-field optical techniques 
to probe near-field radiative and non-radiative coupled plasmonic modes. Near-field 
scanning optical microscopy (NSOM) allows studying sample fluorescence, emission, 
and scattering properties. With using NSOM tip, surface plasmons can be mapped with 
the spatial resolution down to tens of nanometers. However, spatial resolution is still 
limited by the NSOM tip width (typically in the order of ~50 nm). On the other hand, 
electron microscopes are faster and are the most advanced method for probing both 
localized and propagating surface plasmons with sub-nanometer spatial resolution and 
less than 0.1 eV energy resolution [115], [139]. 
In this thesis, I propose a highly-parallel production of self-assembled plasmonic 
waveguides based on AuNPs with selectable sizes and spatial control over the 
inter-particle spacing that have been analyzed by the best choice of near-filed 
spectroscopy techniques. DNA origami-based self-assembled functional plasmonic 
waveguides with a high precision arrangement of gold nanoparticles and extremely short 
surface-to-surface particle distances combined with fluorescent nanodiamonds are 
demonstrated. Spectral and spatial characterizations of our waveguide system are 
cooperatively characterized by electron energy loss spectroscopy and 
cathodoluminescence imaging spectroscopy. SP modes are probed and direct 
observation of the energy transfer at the nanoscale is confirmed by cathodoluminescence 
emission of the fluorescent nanodiamond. Our findings open a new window for 
self-assembled plasmonic devices and as well as plasmon coupling to fluorescent 
nanodiamonds in nanophotonic applications. 
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3 TOWARD SELF-ASSEMBLED 
PLASMONIC WAVEGUIDES 
Some of the results presented in this chapter were produced in collaborations. 
Automated image analysis was developed together with Dr. Friedrich W. Schwarz who 
was a former post-doc in the group of Prof. Stefan Diez in B CUBE - Center for 
Molecular Bioengineering, TU Dresden. The synthesis of larger gold nanoparticles 
based on hydroquinone reduction method was optimized together with Jingjing Ye who 
was a former master student in the group of Dr. Thorsten-Lars Schmidt in Center for 
Advancing Electronics Dresden, TU Dresden. In this chapter, sections 3.1, 3.2, 3.3 and 
3.7 (except Figure 3.10) were reproduced with permission from the paper [D] Gür, F. 
N.; Schwarz, F. W.; Ye, J.; Diez, S.; Schmidt, T. L. Toward Self-Assembled Plasmonic 
Devices: High-Yield Arrangement of Gold Nanoparticles on DNA Origami Templates. 
ACS Nano 2016, 10, 5374–5382, DOI: 10.1021/acsnano.6b01537, Copyright 2016 
American Chemical Society. 
3.1 Introduction 
DNA has recently received significant attention for building complex plasmonic 
nanostructures [136], [137]. Particularly, DNA origami [28], [62], [63], [66] is one of 
the widely-used, robust methods for producing anisotropic and addressable 
nanostructures. Functional elements such as (bio)molecules [140], [141] or 
nanoparticles can be introduced by functionalizing selected oligonucleotides. Gold 
nanoparticles (AuNPs) for example have been arranged into simple complexes using 
thiolated oligonucleotides since 1996 [134], [142], but complex DNA nanostructures 
enable more sophisticated arrangements and devices [136].  
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To observe the desired plasmonic effects on a single-device level and to enable 
applications in sensing or optoelectronics, the precise and high-yield placement of all 
nanoparticles of the device is of vital importance. The entire device may lose its 
functionality if one or more particles are absent. The yield for assemblies consisting of 
multiple nanoparticles is therefore determined by the yield of each individual coupling 
step to the power of the number of coupling steps. For example, even if the AuNP 
attachment yield is 80%, the final yield of a device consisting of eight particles such as 
the waveguide precursor described herein is only 17% (0.88). Therefore, much higher 
attachment yields are required. To this end, two related studies investigated the assembly 
yields of waveguide precursors as a function of the number of binding sites on 
multi-origami scaffolds [109], [143], but many other important parameters such as salt 
effects, AuNP functionalization protocols, linker chemistry or assembly kinetics have 
not systematically been studied so far. Moreover, in these previous and many other 
studies, only small (for example 5-10 nm) AuNPs were attached. To achieve the desired 
plasmonic effects such as waveguiding [130], circular dichroism [75], surface-enhanced 
Raman scattering (SERS) [89], [93], [144] or to create plasmonic antennas [90], much 
larger AuNPs with diameters of tens of nanometers have to be arranged. This is more 
challenging than to assemble small nanoparticles [94], [137]. 
3.2 High-yield assembly 
For the high yield assembly study, a six-helix bundle (6-HB) DNA origami nanotube 
with eight binding sites consisting of single-stranded DNA extensions was designed. 
Thiol-modified oligonucleotides functionalized AuNPs hybridize to these 
complementary extensions, see Figure 3.1. Since small AuNPs with large inter-particle 
distances were employed, this complex was called “waveguide precursor” in this 
chapter. The influence of a set of parameters which are involved in assembly reactions 
was systematically investigated. The set of parameters includes salt effects, the 
gold−oligonucleotide linkage, stoichiometry, and the assembly kinetics as well as 
reversibility of assembly. For this, automated image analysis method is developed for 
the electron microscopy images of the resulting complexes. The automated image 
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analysis allows to evaluate thousands of structures and eliminates laborious and 
potentially biased counting by experimentalists. 
 
Figure 3.1 | Schematic illustration of waveguide self-assembly. Oligonucleotides 
functionalized gold nanoparticles, six-helix bundle DNA origami nanotube with binding 
sites and resulting waveguide structure. For clarity, the shell of oligonucleotides on the 
AuNPs is not shown.  
3.2.1 Design and assembly 
DNA origami design  
The 6-HBs were used as templates to assemble “plasmonic waveguide precursors”. 
These are composed of six parallel, interconnected DNA double helices [145], have a 
high aspect ratio [146] and are rigid enough to ensure linearity [147]. In order to facilitate 
the exchange of scaffold strands with other laboratories using different scaffolds, only 
the consensus sequence was used for the design resulting in ~400 nm long 6-HBs.  
The size of DNA origami structures is determined by the length of the scaffold strand. 
Several M13 bacteriophage-based scaffold strands are used in the field such as p7249, 
p7308 or p8064 and many more, which consist of a 7,223 nucleotide long consensus 
sequence and specific inserts of varying length.  
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Figure 3.2 | Design of six-helix bundle DNA nanotube with binding sites. Schematic 
drawing (a) and a tSEM micrograph of six-helix bundle DNA nanotubes (b). Blue arrows 
indicate single-stranded unused scaffold. Scale bar, 100 nm.  
The 6-HBs were employed to align gold nanoparticles and provide eight binding sites 
for the AuNPs attachment. Each binding site is composed of three ss DNA extensions 
as depicted in Figure 3.2a with a designed center-to-center distance between two binding 
sites of 42.2 nm (126 bp). Using multiple extensions for each  AuNP binding site 
increases the binding strength and positioning accuracy as reported previously [74], 
[143]. The single-stranded (ss) unused scaffold was designed to protrude from a helix 
opposite of the tethers. This unused scaffold loop is visible in transmission mode 
scanning electron microscope (tSEM) image, see Figure 3.2b. The binding sites are not 
visible. 
Assembly is a two-step process 
The overall assembly is composed of two main reactions: the functionalization of AuNPs 
with thiolated ss oligonucleotides (reaction 1, Figure 3.3a) and the hybridization of the 
resulting DNA-functionalized AuNPs to their complementary ss overhangs on the DNA 
origami (reaction 2, Figure 3.3b). Both reactions typically involved in DNA-directed 
metal nanoparticle assembly were optimized. 
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Figure 3.3 | Schematic overview of the self-assembly steps of gold nanoparticles on 
six-helix bundle DNA origami nanotubes. In reaction 1, AuNPs are functionalized with 
oligonucleotides (a), in reaction 2, these functionalized AuNPs hybridize to 
complementary tethers displayed on the DNA origami structure (b). The resulting 
structures can have different desired and undesired assemblies (c). The oligonucleotides 
on the AuNPs is not shown in (c) for clarity.  
AuNPs with a diameter of ~17 nm were synthesized by the standard citrate reduction 
method [148] and functionalized with commercially available thiolated 
oligonucleotides. For this modification, two approaches exist. Either only very few (for 
example 0-3) oligonucleotides are attached per AuNP and the conjugates with different 
stoichiometries are separated by gel electrophoresis [142] or the entire surface of the 
AuNPs is densely covered with many oligonucleotides [134]. For self-assembled 
plasmonic devices, a dense coverage of the nanoparticles is advantageous, as 
nanoparticles much larger than ~10 nm or AuNPs functionalized with short 
oligonucleotides cannot be separated well by gel electrophoresis. Moreover, the 
hybridization of densely covered particles to multiple tethers is known to yield more 
reliable connections [74], [75], [143], and these particles are well protected from 
aggregation by the electrostatic repulsion of the dense layer of highly negatively charged 
oligonucleotides under salt conditions necessary for reaction 2 (typically ~12 mM 
MgCl2). To maximize loading density of oligonucleotides on the gold surface, NaCl is 
added during reaction 1 to shield the electrostatic repulsion of the oligonucleotides. This 
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method is known as “salt aging” and covers the surface of each AuNPs with tens or even 
hundreds of oligonucleotides [149].  
In reaction 2, the 6-HBs are mixed with functionalized AuNPs for the assembly of 
waveguide precursors and separated from excess AuNPs as well as aggregates by native 
agarose gel electrophoresis. The formation of the complexes is analyzed by gel 
electrophoresis and tSEM imaging. The influence of several parameters on the assembly 
yield was thoroughly examined by counting correctly and incorrectly assembled 
structures, see Figure 3.3c.  
 
Figure 3.4 | Center-to-center distance analysis of two neighboring gold nanoparticles 
in the waveguide precursors. (a) Center-to-center distance distribution plot generated 
with 17 nm AuNPs attached to 6-HBs. Seven wide field tSEM micrographs were 
analyzed, only the clusters with eight AuNPs were taken into account. (b) A tSEM 
micrograph of a typical waveguide precursor. Scale bar, 100 nm. 
After completion of two reactions, the desired assembly of the waveguide precursor, in 
the ideal case, should be composed of eight particles with designed inter-particle 
distances. To test the designed and experimental inter-particle distance values and 
determine the placement accuracy, seven wide-field electron micrographs were 
evaluated. Figure 3.4 shows statistical analysis of center-to-center distance of two 
neighboring gold nanoparticles. The center-to-center distance of neighboring AuNPs 
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was measured as an average distance of 42.27 ± 5.44 nm, which is in excellent agreement 
with theoretical value (0.335 nm/bp · 126 bp = 42.2 nm) [66]. The unoccupied binding 
sites were observed to be randomly distributed in structures lacking one or more AuNPs, 
which is in agreement with a previous report [143]. 
3.2.2 Automated image analysis 
In order to quickly analyze a large number of tSEM images, an automated counting 
routine was developed based on MATLAB (see Methods). Briefly, AuNPs are 
automatically recognized and a boundary with a defined radius is drawn around each 
AuNP (Figure 3.5a). If two or more of these boundaries intersect, the algorithm 
considers the particles part of the same cluster. Finally, the number of particles for each 
cluster is reported. This way, a potential counting bias by experimentalists is avoided, 
see Figure 3.5b-c. With a given set of parameters such as thresholds and boundary sizes, 
the algorithm will process each SEM image the same way. The algorithm could also in 
principle be modified to recognize the number of waveguide precursors in multimers. 
However, the focus here was to determine the relative influence of various reaction 
parameters on the assembly yield and not the absolute yield. 
 
Figure 3.5 | Automated counting of the waveguide precursors. (a) An exemplary 
cropped tSEM image from a non-optimized assembly. The MATLAB algorithm 
automatically detects AuNPs due to their high image contrast and defines “clusters” 
where nanoparticles are within a radius of 45 nm (green outline). Scale bar, 100 nm. 
(b) The difference between automated and manual counting by the experimentalist. The 
scale bars are 100 nm. (c) A comparison of automated and manual counting. 
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3.2.3 Functionalization and attachment of gold nanoparticles 
Oligonucleotide functionalization of gold nanoparticles  
In the first set of experiments, to optimize the assembly yields, the AuNPs were 
functionalized with oligonucleotides (reaction 1) at NaCl concentrations ranging from 0 
to 1000 mM NaCl, excess oligonucleotides were removed, and the AuNPs were mixed 
with 6 HBs (reaction 2). First, the reactions were analyzed by native agarose gel 
electrophoresis. The fluorescent gel image (visualizing the DNA) and the real-color 
photograph (detection of the AuNPs scattering) reveal that correctly assembled 
waveguide precursor bands have a lower electrophoretic mobility than the free 6-HBs 
or free AuNPs (Figure 3.6a). Below 50 mM NaCl or without any NaCl in reaction 1, 
aggregates containing nanoparticles and 6-HBs produce a blue band just beneath the 
loading pocket (real-color photograph), while non-aggregated AuNPs or waveguide 
precursors appear red. The band of the excess AuNPs at 25 mM NaCl is not sharp and 
has a dark blue tone indicating the formation of AuNP aggregates. The waveguide 
precursor bands were extracted from the gel and imaged by tSEM. The tSEM images of 
the 25 mM NaCl waveguide band confirm that both monomeric and oligomeric AuNPs 
bind to the waveguide precursors. When increasing the NaCl concentration during 
Reaction 1, correctly assembled waveguide precursors were obtained.  
The gel and tSEM images suggest the mechanism of the aggregation: AuNPs carry some 
oligonucleotides which allow them to bind to the 6-HBs in all cases, even when not salt 
aged. Otherwise, the band of unmodified 6-HBs would still be visible in the gel. Instead, 
the 6-HBs are part of the aggregate band as confirmed by tSEM. The AuNPs, however, 
do not carry sufficient oligonucleotides to effectively prevent them from aggregation 
when exposed to the folding buffer containing MgCl2 in reaction 2. As a result, the 
AuNPs come in close proximity (less than few nm) and the plasmon absorption 
maximum is shifted to the red resulting in a blue aggregate. 
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Figure 3.6 | Effect of salt aging during the functionalization of gold nanoparticles. (a) 
Agarose gel electrophoresis of the assembly reaction (reaction 2) of 6-HBs with AuNPs 
functionalized at different NaCl concentrations (reaction 1). Top: Fluorescence image 
obtained with Sybr safe DNA stain and the real colour photograph of the same gel 
(bottom). (b) tSEM micrographs of gel-purified waveguide precursors with AuNPs 
functionalized at 25, 50 and 400 mM NaCl concentrations. The scale bar is 200 nm. (c) 
Color map distribution of the number of AuNPs per cluster as a function of NaCl 
concentration during AuNP functionalization. N is the number of automatically counted 
clusters for the statistical analysis.  
From the tSEM images of the gel-purified waveguide precursors, the number of AuNPs 
per structure as a function of the NaCl concentration in reaction 1 is determined (see 
Figure 3.6c). No automated analysis was possible below 50 mM NaCl due to the high 
degree of AuNP aggregation. At 50 mM NaCl, more than 50% of the “clusters” are 
unbound free AuNPs and the assembly yield for the correct structure (eight particles) 
increases upon increasing the NaCl concentration. Two explanations for the free AuNPs 
were hypothesized. Some oligomeric AuNPs may have been hybridized to the 6-HBs 
just as in the tSEM image at 25 mM NaCl and these unspecific aggregates were partly 
dissolved during the workup giving rise to the one-particle “clusters”. Alternatively, 
monomeric AuNPs were less tightly bound to the 6-HBs at lower NaCl salt aging 
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concentrations. This hypothesis is supported by the decreasing percentage of incomplete 
waveguide precursors containing seven or fewer AuNPs upon increasing NaCl 
concentrations. Therefore, it is concluded that a salt aging step with at least ~500 mM 
NaCl is required. 
Attachment of gold nanoparticles to DNA origami  
In the second set of experiments, the salt concentration effect on the assembly reaction 
of the waveguide precursors was studied (reaction 2). Two final MgCl2 concentrations 
were tested (2 mM and 12 mM) with or without additional 300 mM NaCl (final 
concentration). The rationale for adding NaCl was to decrease the potential influence of 
unspecific Mg2+-bridges between highly charged species (6 HBs and functionalized 
AuNPs) [150]; reduced MgCl2 concentrations, on the other hand, may enable 
nanomedical applications [151]. After agarose gel purification of the waveguide 
precursors, again, several hundred structures were automatically counted from wide-
field tSEM images. Figure 3.7 shows the percentage of clusters carrying 1 to 25 particles.  
Although 6-HBs were visible in the tSEM images, the particle attachment yield was very 
low at 2 mM final MgCl2 (Figure 3.7a). More than 70% of the “clusters” were unbound, 
single particles. This may have three reasons. First, the weakened hybridization strength 
of the linker itself was not sufficient to overcome the electrostatic repulsion of the 
negatively charged origami structures and the functionalized AuNPs. Second, the 
integration of the extended staple strands at the binding sites into the 6-HBs (the binding 
to the scaffold strand) was weakened too much under low-salt conditions such that they 
were disconnected from the scaffold strand. Third, the gold-thiol bond itself may have 
been weakened by the buffer exchange. In this case, released ssDNA strands could block 
binding sites on the 6-HBs.  
Supplementing the reaction with either additional NaCl (Figure 3.7b) or increasing the 
MgCl2 concentration to the standard value of 12 mM, improved the assembly yield 
substantially. A mixture of 12 mM MgCl2 and 300 mM NaCl further improved the yield 
of waveguide precursors to more than 30%, see Figure 3.7d. The highest yield was 
achieved when combining dithiol-oligonucleotides with both salts, see Figure 3.7e. 
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Figure 3.7 | Assembly reaction 2 and the influence of the thiol linkers. Number of 
AuNPs per clusters at different salt concentrations during the waveguide precursor 
assembly reaction (reaction 2, a-d) and comparison of thiol-modified oligonucleotides 
(d) with dithiol-modified oligonucleotides (e) in reaction 1. The green bars indicate eight 
AuNPs (correct number of AuNPs attached). The red arrows indicate one particle 
clusters. 
In the experiments described here, 15 A-T base pairs connect the AuNPs and the 6-HB. 
This interaction is expected to be stable at room temperature and 12 mM MgCl2, 
particularly when considering the cooperative effect of the three tethers per binding site. 
It could be hypothesized that the instability of the gold-thiol bond may explain the 
remaining one-particle “clusters” (Figure 3.7d) which were also observed by other 
groups [75], [109], [143], [152]. Therefore, two assembly reactions of AuNPs bound to 
either monothiol or dithiol-modified oligonucleotides under identical conditions were 
compared (Figure 3.7d-e). With a dithiol-modification, a 10-fold decrease of unbound 
AuNPs was observed and the assembly yield of waveguide precursors was improved to 
around 42%. This is in agreement with a report by Sharma et al., where a dithiol-
modified oligonucleotide bound better to a AuNP than a monothiol-oligonucleotide 
[153]. In that study, however, only one oligonucleotide was attached per AuNP and 
purified by gel electrophoresis (similar to the original approach by Alivisatios et al.) 
[142], whereas in the case of experiments presented here, an approach by Mirkin et al. 
[134] was aimed for a dense coverage of the Au surface. 
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Complexes can contain more than eight gold nanoparticles 
The 6-HB design described here has eight AuNP binding sites. Surprisingly, complexes 
containing nine, ten or even 11 AuNPs were also found. These are attributed to an 
unforeseen interaction of the functionalized AuNPs with ss scaffold loops in the design 
connecting adjacent helices at the faces of the 6-HBs and/or the scaffold loop containing 
the non-consensus (scaffold-specific) sequence. Similar observations were made by 
Kuzyk et al. [75]. Complexes with 9-11 AuNPs could presumably be prevented by 
redesigning the ends of the 6-HBs and by eliminating or protecting the scaffold-specific 
loop. For the scope of this study, however, additional unintended interactions were 
ignored. Only rarely and only for small AuNPs two AuNPs sharing a binding site were 
observed.  
Figure 3.8 shows waveguide structures carrying more than the 8 designed binding sites. 
This may occur when poly-T-functionalized AuNPs interact cooperatively with poly-A 
sequences in the unused single-stranded scaffold loops of the 6-HBs. Such loops can be 
found on both ends of the 6-HBs (Figure 3.8, green loops) or at the side (blue loop).  
The loops at the faces of the 6-HBs (green) connect adjacent helices and are often used 
in DNA origami designs as an entropic brush to prevent unintended aggregation of 6HBs 
due to blunt-end stacking. The long unused scaffold loop at the side of the 6-HBs (blue) 
is present as only the consensus sequence of the M13 clones was used. Its length is 
841 nt for p8064 and p8064 was used in most experiments shown here. All single-
stranded loops can contain a few poly-A sequences. Up to six consecutive A were found 
in retrospect. Few A-T base pairs alone should not suffice to stably attach a 
functionalized AuNP at standard conditions (room temperature, 12 mM MgCl2), but 
several of these interactions can be formed simultaneously with the polyvalent AuNPs.  
Apparently, several cooperative interactions are strong enough to stably connect the 
AuNPs and therefore waveguide precursor structures with 9-11 AuNPs were observed. 
This was not anticipated in the initial design but does not alter the main message of this 
study. The unintended attachment could be prevented by redesigning the 6-HBs such 
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that no single-stranded scaffold loops containing poly-A sequences are left. In that case, 
only the designated binding sites would act as attachment points. 
 
Figure 3.8 | Complexes can contain more than eight AuNPs. (a) Design of 6-HB with 
eight binding sites, single-stranded unused scaffold and single-stranded loops between 
helices can contain poly-A sequences (poly-A sequences in green are contained in the 
respective loops at the ends). (b) tSEM micrographs of waveguide precursors with nine 
AuNPs. Blue arrows indicate possible unspecific attachments due to poly-A sequences 
on the single-stranded unused scaffold or due to poly-A sequences on the single-stranded 
loops between helices. Scale bar, 100 nm.  
Complexes containing less than eight AuNPs, on the other hand, can form in two ways. 
Either, the AuNPs detach from the 6-HB after the synthesis, during the workup or during 
the deposition on the TEM grid or some ssDNA released from the AuNPs block the 
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attachment sites. The latter mechanism is presumably responsible for an increase of 
single particles when oligonucleotide-modified AuNPs are stored for a longer period of 
time (days or weeks) before mixing them with the 6-HBs. Therefore, it is crucial to only 
use freshly modified and purified AuNPs. 
3.2.4 Assembly kinetics and preventing crosslinking  
The polyvalent nature of densely functionalized AuNPs allows crosslinking of multiple 
binding sites on different DNA origami structures and therefore can induce aggregation. 
Waveguide precursor design contains eight identical binding sites on the same side of 
the 6-HB DNA nanotubes and is therefore particularly prone to a cooperative 
crosslinking between multiple structures. Arranged in other ways, for example as a 
spiral [75], crosslinking is less likely. To explore the effect of the molar excess of AuNPs 
over binding sites (each consisting of three ss overhangs) during reaction 2, a 1.25 to a 
15-fold molar excess of AuNPs was scanned and reactions were analyzed by native 
agarose gel electrophoresis, see Figure 3.9. The intensity of the waveguide band is very 
low at an excess of only 1.25 AuNPs / binding site, increases up to a 7.5-fold excess and 
remains constant at a higher excess. At a low molar excess of AuNPs, aggregates were 
observed both in the gel (as a band on the bottom of the loading pocket) and in the tSEM 
images, see Figure 3.9.  
The color of the aggregates here is red and not blue as in Figure 3.6a as the nature of the 
aggregates is different. Without proper salt aging, the AuNPs themselves aggregated and 
the surfaces of the AuNPs came into contact leading to a broader plasmon band with a 
higher absorption in the red spectra. Here, the AuNPs are shielded well by the dense 
layer of oligonucleotides and the color of these crosslinked aggregates is 
indistinguishable from monodispersed AuNPs. In both cases, aggregates have a greatly 
reduced electrophoretic mobility and plasmonic devices would be unusable. 
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Figure 3.9 | Effect of the excess of AuNPs per binding site on the waveguide precursor 
assembly. (a) Agarose gel electrophoresis of the assembly reaction (reaction 2) of 6-HBs 
with functionalized AuNPs: Fluorescence image (top) and the real color photograph of 
the same gel (bottom). 1 kb DNA ladder, 6-HBs, and crude assembly reaction mixes with 
a 1.25 to 15-fold excess of AuNPs per binding site. (b)  Fluorescent intensity of the 
waveguide precursors bands as a function of the excess of AuNPs per binding site. tSEM 
images of the experiment with a 1.25-fold and 10-fold excess of AuNPs per binding site 
(scale bars = 100 nm). (c) Assembly reaction (reaction 2) of a 10-fold excess of AuNPs 
with 6-HBs in different addition orders. (A) 6-HBs are slowly added to AuNPs, (B) 
reversed addition order.  
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Some common protocols call for incubation times of many hours or even a full day for 
reaction 2 [75], [85], [89], [91]. To explore the assembly kinetics for this hybridization 
reaction, a 10-fold molar excess of AuNPs was slowly added to a 6-HB solution 
(see Figure 3.9c) over the course of one minute. In the control experiment, the addition 
order was reversed and 6-HBs were slowly added to the same excess of AuNPs. In the 
first case, a strong aggregation was observed, in the second case, a formation of the 
waveguide precursors. The formation of aggregates in the first case can be explained by 
the high number of 6-HBs that the first added AuNPs are exposed to. These AuNPs 
quickly crosslink the large excess of available 6-HBs. This crosslinking could not be 
undone by the large excess of AuNPs later on, nor by subsequent heating to 45 °C for 
25 min and reannealing.  
In the other case, where 6-HBs were slowly added to the AuNP solution, 6-HBs were 
always exposed to a large excess of AuNPs. Therefore, the probability of a AuNP to 
crosslink two 6-HBs is greatly reduced. A very quick addition and instant mixing did 
not show substantial differences and mainly proper waveguide precursors were formed. 
From this, it is concluded that the assembly reaction takes place within seconds at room 
temperature and that the reaction is irreversible under conditions where the DNA 
origami itself is stable. This suggests that the hybridization time can be shortened from 
many hours to few minutes and that additional annealing ramps for the assembly [143] 
are unnecessary for designs with comparable linker strengths. 
Next, the effect of a number of binding sites on overall assembly yield was investigated. 
For this, the 6-HBs were designed and folded with two, four, six and eight binding sites. 
Figure 3.10 shows statistics of the number of attached particles for the corresponding 
structure shown in tSEM images from the automated image analysis. As expected, the 
complexes with two binding sites have the highest site occupancy, which is above 80%. 
The site occupancy is gradually decreasing when the number of binding sites is 
increasing. One should take into account that the site occupancy and the assembly yield 
would be much higher if they were evaluated by manual counting.     
Chapter 3: Toward self-assembled plasmonic waveguides 
Fatih Nadi Gür – December 2017   41 
 
 
Figure 3.10 | Number of binding site dependency on assembly yield. Automated image 
analysis results of complexes with two particles (a), four particles (b), six particles (c) 
and eight particles. Scale bars, 200 nm. 
3.2.5 Site occupancies and assembly yields  
It is not easy to define and compare the final assembly yield results presented here and 
the results of other previous reports where different criteria have been applied [75], [94], 
[109], [143], [152], [154]. In all cases, AFM or TEM images were evaluated manually 
and misfolded or nonlinear structures and aggregates were not taken into account. Single 
AuNPs were visible in many studies, but they were ignored in all those reports. 
However, it is likely that these unconnected AuNPs must have detached from the 
structures after purification and are a good measure for the strength of the attachment 
chemistry and assembly conditions. It should be stressed that here in this study the wide-
field images with more than ~30 waveguide precursors were exclusively evaluated. This 
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eliminates the risk of unconsciously selecting regions where intact structures are 
enriched.  
 
Figure 3.11 | Manual counting result of purified waveguide precursors from the 
wide-field tSEM micrograph. Scale bar, 1 µm.  
In addition to the standard automated counting and to allow a comparison with previous 
reports, three images (one of them depicted in Figure 3.11) from the experiment in 
Figure 3.7e were evaluated, according to the criteria above, i.e. incomplete, nonlinear, 
cross-linked, and twisted structures were excluded, and clusters containing more than 
eight AuNPs were counted as eight AuNPs/cluster [75]. It was found that 98.7% of the 
designed binding sites were occupied by AuNPs and that 89.5% of the structures had all 
eight AuNPs binding sites occupied (N=114). These are the highest numbers reported 
so far for multi-particle systems (above five particles). The binding occupancy would 
gradually approach 100% when the number of binding site decreases from eight to one 
(see Figure 3.10). The site occupancy could potentially be further increased when 
smaller AuNPs are attached [94], [137], small AuNPs (~5 nm) with less number of 
binding site are employed [110] or more than three ss DNA extensions are used for one 
binding site [143]. 
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3.3 Attachment of larger gold nanoparticles 
The AuNPs with a diameter of ~17 nm were used in all the experimental results 
presented so far. These AuNPs with a narrow size distribution are reasonably 
inexpensive and easy to synthesize. However, to facilitate strong plasmon coupling, 
AuNPs with the diameter above a few 10 nm might be necessary.  
The quality of commercially available AuNPs is usually not good, the size distribution 
is broad especially for large AuNPs (see Figure A.1 in Appendix) and their surface 
ligands and the buffer conditions are often unknown. For these reasons,  AuNPs with a 
diameter of ~28 nm and ~56 nm were synthesized by a two-step seeded growth process 
using hydroquinone as a reducing agent [155]. 
 
Figure 3.12 | Characterization of gold nanoparticles with different diameters. tSEM 
micrographs of AuNPs with ~17 nm (a), ~28 nm (b) and ~56 (c) nm in diameter and size 
distribution analysis of the corresponding AuNPs determined from the tSEM 
micrographs. Scale bars, 100 nm.  
The particles were characterized by the tSEM and electron micrographs revealed that 
the particles were highly monodispersed and spherical. The size distribution analysis 
shows that mean size of the AuNPs are 17.4 nm ±1.55 nm, 28.2 nm ±2.61 nm, and 
56.4 nm ± 3.16nm, see Figure 3.12. 
To test if the optimized parameters can be applied for the attachment of larger AuNPs, 
they were functionalized with thiolated oligonucleotides, salt aged and mixed with 6-
HBs at an excess of 10 AuNPs per binding site. For the 28 nm AuNPs, the same 6-HB 
design was used as described above with eight binding sites with a center-to-center 
distance of 42.2 nm. For the 56 nm AuNPs, only every second binding site was 
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incorporated in the 6-HB design reducing the number of binding sites to four with a 
distance of 84.4 nm. 
 
Figure 3.13 | Attachment of larger gold nanoparticles to the six-helix bundles. tSEM 
micrographs of (a) 8 x 28 nm AuNP and (b) 4 x 56 nm AuNP waveguide structures. Scale 
bar, 500 nm, and inset scale bars, 100 nm.  
The tSEM images in Figure 3.13 show mostly well-assembled structures suggesting that 
the optimized protocols work for the attachment of 17-60 nm (and potentially larger) 
AuNPs to DNA origami. These results also imply that the local flexibility of the 6-HBs 
and the tethers is not high enough to allow binding of two or more binding sites of one 
6-HB to one AuNP. 
3.4 Attachment of quantum dots 
In order to test the function of the waveguides with the optical fluorescent microscope, 
a donor quantum dot (Qdot 525), a yellow-green, and an acceptor Qdot (625), red, were 
attached to the waveguide. For this, in addition to the binding sites for the attachment of 
AuNPs (from BS 1 to BS 8), the 6-HBs with containing two orthogonal binding sites 
(BS 0 and BS 9) that are located in the terminal positions were designed, as depicted 
in Figure 3.14a.   
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Figure 3.14 | Quantum dot attachment to the waveguides. (a) 6-HB design with 
orthogonal binding sites for the attachment of two different Qdots as well as AuNPs, ss 
loops and unused ss scaffold are not shown for clarity.  (b) Schematic illustration of 
biotin-modified oligonucleotides functionalized Qdot, binding to the designated position 
on the 6-HB. (c) Artistic representation of the waveguide excitation and emission. 
(d) tSEM micrograph of the waveguides with two type of quantum dots attached at the 
terminal positions, scale bar, 200 nm. Panel (b) reproduced from the reference [156], 
and panel (c) courtesy of Dr. Diana Goncalves Schmidt.  
The donor Qdot can be used as a nanoscale light source for the local excitation of surface 
plasmons on the first AuNP and the acceptor Qdot can be used as a reporter particle 
which emits to the far field after the propagating surface plasmons couple to it. Here, it 
is important that the emission of the donor Qdot should match the resonance frequency 
of the single AuNP and the excitation of the acceptor Qdot should match the coupled 
plasmonic modes of the waveguide. Moreover, donor and acceptor Qdots spectrum 
should not overlap, because far-field excitation by the microscope should excite only the 
donor Qdot. Therefore, the choice of the Qdot pair is quite important in this experiment.   
Commercially available Qdots with streptavidin conjugates were functionalized with 
biotin-modified orthogonal oligonucleotides for donor and acceptor Qdots. After 
removing excess biotin modified oligonucleotides, Qdots were first mixed with 6-HBs 
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and then ~17 nm functionalized AuNPs were added to the solution. The whole assembly 
including AuNPs and two type of Qdots was purified by gel electrophoresis.  
The attachments of donor and acceptor Qdots to the waveguides were successfully 
realized by tSEM imaging (see Figure 3.14d). However, electron micrographs indicated 
that the attachment yield was not as high as the attachment yield of the AuNPs. 
Moreover, since the core of the Qdots is relatively small (~5 nm), it was quite difficult 
to visualize them by the electron microscope. From this, it was hypothesized that the 
attachment yield was actually better, and that they were often just invisible in the final 
images. In addition, other types of Qdots (Qdot 565 streptavidin conjugate and Qdot 705 
streptavidin conjugate) were also tested and larger AuNPs (see Figure A.2 in Appendix) 
and obtained similar attachment results.  
For the optical measurements (in collaboration with Dr. Friedrich Schwarz / Diez lab), 
it was aimed to determine the mean on-intensity of the individual Qdots and analyze the 
variation of intensity as a function of laser excitation intensity as a baseline. In order to 
localize the intact waveguides, the experiments were performed by total internal 
reflection fluorescence (TIRF) microscope based on parabolic shaped quartz prism 
approach [157] that allows for the detection of Qdots emission as well as scattering 
properties of the waveguide. Unfortunately, these experimental measurements were not 
successful for the following reasons. First, binding of the waveguides to the glass slide 
was not optimal, the streptavidin on the glass slide and the biotin on the 6-HBs were not 
efficiently bound. Second, since the measurements were done in solution, significant 
background scattering signal from biotin, BSA, or impurities was observed. Therefore, 
the scattering signal from the waveguides could not be identified. Third, inhomogeneous 
illumination of the TIRF set-up gave rise to different emission intensities of Qdots.  For 
those reasons, conclusive results were not obtained from these experiments and this 
approach was not pursued further. Instead, electron energy loss (chapter 4) and 
cathodoluminescence imaging (chapter 5) spectroscopies were studied.   
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3.5 Multimerization of the waveguides 
The maximum length of the waveguides is limited by the length of the DNA origami 
structure that are used to assemble the waveguides. The 6-HB DNA origami structure is 
~400 nm long as it is limited by the size of the scaffold which is used for the DNA 
origami folding (an M13 clone, 7249 nt). Here, it was further advanced for a synthesis 
of longer waveguides (up to 1.2 micron) with a length control. For this, the monomer 6-
HBs were employed and interconnected by introducing interfaces at the ss loop of the 
monomers. As shown in Figure 3.15a,b, three monomer 6-HBs (A, B, C) were designed 
by introducing additional staple strands for blocking the left and right sites (left side of 
the monomer A, AL and right side of the monomer C, CR) and interconnecting A-to-B-
to-C with 5 nt extensions from the B which is complementary to the missing part of A 
and C in the ss loops. The 6-HB monomers (A, B and C) were folded separately with 
respective staple strands and purified by PEG precipitation. Afterwards, monomers were 
mixed at 1:1:1 molar ratio and incubated at room temperature. 
Agarose gel electrophoresis and tSEM imaging confirmed the formation of trimer 
6-HBs, see Figure 3.15c, d. Two bands were observed in the lane labeled ABC, one 
representing trimer 6-HBs and the band below representing monomer 6-HBs. Monomer 
6-HBs might still be present in the sample because the amount of each monomer could 
be unequal due to the pipetting or concentration measurement errors. The aggregates in 
the gel pocket of ABC lane were observed which may come from unspecific blunt-end 
stacking. This can be eliminated by redesigning staple strands in the end loops (AL and 
CR), simply by extending them by a few random nucleotides.  
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Figure 3.15 | Multimerization of the waveguides. (a) Schematic illustration of the 6-HB 
design with every second binding site for the attachment of AuNPs. (b) The interface 
design of the 6-HB for multimerization of monomers. (c) Agarose gel electrophoresis 
image, showing 1 kb ladder (L), monomer 6-HBs (A) and trimer 6-HBs (ABC) bands. 
(d) tSEM micrograph of the trimer 6-HBs, scale bar 500 nm. tSEM micrographs of the 
(e) monomer, (f) dimer and (g) trimer waveguides, scale bars 100 nm. 
To test the working principle, the monomer waveguides with functionalized AuNPs with 
a diameter of ~17 nm with the standard protocol. A, B and C monomer waveguides were 
mixed at a molar ratio of 1:1:1 and incubated them at room temperature. Electron 
micrographs revealed that monomer, dimer, and trimer waveguides were correctly 
assembled. As the number of binding sites was increased to 15 for the trimer 
waveguides, the probability for waveguides with all sites occupied is decreased. The 
trimer waveguide assembly with larger AuNPs was also tested and similar assembly 
results were achieved (see Figure A.3 in Appendix).  
In another approach, AuNPs were directly attached to the agarose gel electrophoresis 
purified trimer 6-HBs and assembled trimer waveguides were purified again by a second 
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agarose gel electrophoresis. In this case, the population of trimer waveguides was higher. 
In this case, the population of trimer waveguides was higher. However, since the number 
of binding sites is relatively higher in trimer 6-HBs, ensuring a 10-fold excess of AuNPs 
might be challenging if the molar concentration of trimer 6-HBs is kept the same as the 
molar concentration of monomer 6-HBs. Because reaching very high stock 
concentration is critical especially for the big (above 20 nm) size AuNPs.  
3.6 Concluding remarks 
In this chapter, a set of parameters that affect the attachment yield of oligonucleotide-
functionalized AuNPs to 6-HB DNA origami nanotubes were investigated. To compare 
the optimized experimental results presented this chapter according to criteria of 
previous reports [75], [109], [110], [143], complexes in the wide-field tSEM 
micrographs were manually counted. The site occupancy of 98.7% and 89.5% of intact 
waveguides, where all binding sites were occupied, were achieved. As an outcome of 
this comprehensive study, the following set of optimized rules were identified to achieve 
the unprecedented synthesis yields for multi-gold nanoparticles (above five) attachment 
to the DNA origami. 
The first optimized parameter is the salt aging during the functionalization of AuNPs to 
prevent aggregation of the AuNPs and to ensure strong hybridization. Particles should 
be salt aged with at least ~500 mM NaCl. Second, AuNPs modified with dithiol-
modified oligonucleotides can be bound more stably to DNA structures than AuNPs 
with monothiolated oligonucleotides. Third, a high ionic strength is necessary to stably 
hybridize the AuNPs to the tethers on the origami. The addition of 300 mM NaCl to the 
standard 12 mM MgCl2 increases the binding efficiency. Low ionic strength buffers, 
where the DNA origami structures themselves are stable, do not suffice to stabilize 
assembled AuNP-origami complexes. Forth, at least a 7.5-fold molar excess of AuNPs 
should be used per binding site to avoid cross-linking of different origami structures. 
Fifth, the hybridization of the AuNPs only takes seconds. Therefore, mixing should be 
performed rapidly or DNA origami should be added slowly to the solution containing 
the AuNPs to avoid the formation of aggregates crosslinked by multivalent AuNPs. 
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Sixth, aggregates cannot be dissolved by additional annealing steps. Crosslinking of 
neighboring binding sites by on AuNP was rarely observed even though hybridization 
was performed at room temperature. Increased incubation times of many hours or 
additional annealing steps do not seem necessary. Seventh, freshly functionalized and 
purified AuNPs should be used for the assembly. 
The set of optimized parameters can be reliably used to attach AuNPs with a diameter 
up to 56 nm, which is necessary to enhance plasmonic effects and to produce functional 
devices. This systematic study will, therefore, help to improve yield and reliability of 
DNA-based plasmonic devices for applications in photonics, optoelectronics or 
nanomedicine. In addition, multi-components attachment to 6-HBs was demonstrated 
by employing functionalized Qdots with orthogonal oligonucleotides. Furthermore, 
6-HBs interface design for the multimerization of the waveguides was developed. With 
this, producing longer waveguides up to 1.2 micron length was demonstrated. These 
results indicate that DNA origami is an extremely versatile and robust method for 
construction of complex, multi-component, functional and hybrid plasmonic systems.    
3.7 Materials and Methods 
Synthesis of gold nanoparticles. AuNPs with a diameter of ~17 nm were synthesized 
by the reduction of tetrachloroauric acid (HAuCl4) (Sigma Aldrich) based on a one-step 
method [148] with trisodium citrate (Applichem) as a reducing agent. Before the 
synthesis, all glassware was cleaned with aqua regia (2 vol. of concentrated hydrochloric 
acid and 1 vol. of concentrated nitric acid) and carefully rinsed with copious amounts of 
water. 50 mL of a solution of 0.25 mM tetrachloroauric acid were brought to a rolling 
boil in an Erlenmeyer flask. Under vigorous stirring, 1.5 mL of freshly prepared 34 mM 
(1% w/v) sodium citrate solution was added very quickly. After the colour had changed 
from pale to grey to red, the solution was refluxed for another 30 min. The colloidal 
nanoparticle solution was filtered through a syringe filter (VWR) with a pore size of 
0.2 µm.  
For ~28 and ~56 nm AuNP synthesis, the ~17 nm AuNPs were used as seeds. The 
protocol based on hydroquinone reduction [155] was used by adjusting the number of 
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seeds to achieve the ~28 and ~56 nm AuNPs. The particles were synthesized in 50 mL 
batches. Hydroquinone (Alfa Aesar) and sodium citrate solutions were freshly prepared. 
The Gold chloride solution was centrifuged at 17,000 rcf for 60 min before synthesis to 
remove any aggregates. For both syntheses, 500 µL of a 1% (w/v) HAuCl4 solution was 
added to 34-47 mL of ultra-pure water (depending on the seed volume; final 
volume = 50 mL) in a 250 mL Erlenmeyer flask. For the ~28 nm AuNP synthesis, 15 mL 
of 3.2 nM 17 nm seeds, for the ~56 nm AuNP synthesis 1.6 mL of the seeds were added. 
The solution was vigorously stirred at room temperature. 110 µL of a 1% sodium citrate 
solution was then added, immediately followed by 500 µL of 0.03 M hydroquinone. The 
colour change of the solution occurred immediately after the addition of hydroquinone 
and the reaction was stirred for another hour. Finally, the colloidal nanoparticle solution 
was filtered through a syringe filter (VWR) with a pore size of 0.2 µm. 
A drop of colloidal gold solution was placed on a carbon-coated formvar TEM copper 
grid (Science Services), incubated for 5 min and washed with a drop of water. The 
AuNPs were characterized by SEM/tSEM (FEI, Helios 660) with a 15 kV acceleration 
voltage. The size distribution of particles was measured from wide-field tSEM 
micrographs by using an image processing and analysis program (ImageJ). 
Functionalization of gold nanoparticles. Next, the citrate shell was exchanged for a 
more stable phosphine ligand for the concentration of the AuNPs [75]. For this, 20 mg 
Bis(p-sulfonatophenyl) phenylphosphine dihydrate dipotassium salt (BSPP, Sigma-
Aldrich) were added to 50 mL of the colloidal AuNP solution and were shaken 
overnight. An aqueous 5M NaCl solution was added dropwise until a colour change 
from red to dark blue was observed. The solution was then centrifuged for 30 min at 
1,600 rcf, the supernatant was removed, and the particles were resuspended in 1 mL of 
an aqueous 2.5 mM BSPP solution and an equal volume (1 mL) of methanol. The sample 
was centrifuged once more (1,600 rcf, 30 min), the supernatant was carefully removed, 
and the AuNPs were once more resuspended in 1 mL of a 2.5 mM BSPP solution. The 
concentration was determined photometrically at 524 nm assuming a molar extinction 
coefficient for 17.4 nm AuNP of 2.4 × 108 L*mol-1*cm-1 as in ref. [149] The 
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concentrations of ~28 nm and ~56 nm AuNPs were calculated from the number of the 
17 nm seed particles.  
Next, AuNPs were conjugated to thiol-modified oligonucleotides (5’-ThioMC6-T19) or 
dithiol-modified oligonucleotides (5’-DTPA/T19 (Integrated DNA Technologies)). 
First, the thiol-modified oligonucleotides were incubated with TCEP (Tris(2-
carboxyethyl)phosphine hydrochloride), Sigma-Aldrich; 20 mM final concentration) for 
45 min. Then, AuNPs and the thiol-modified oligonucleotides were mixed in 0.5X TBE 
(Tris base, boric acid, EDTA, pH = 8.0) buffer at a ratio of 1:300 (AuNP:DNA) for 17 
nm AuNPs,  1:750 for 28 nm AuNPs and 1:2000 for 56 nm AuNPs.  
Salt aging was performed to maximize the oligonucleotide density on the AuNPs. 
Depending on the final NaCl concentration (0-1000 mM), the addition steps varied. For 
25 mM and 50 mM final NaCl, the NaCl solution was added once. For a final 
concentration of 100 mM or above, extra NaCl solution was added 2-7 times to achieve 
50, 100, 200, 400, 600, 800 and 1000 mM final NaCl. After each stepwise addition of 
NaCl, the sample was sonicated for 10 sec and incubated for 20 min. After the last NaCl 
addition, the mixture of AuNPs and oligonucleotides was incubated for 1 day at 25 rpm 
and room temperature in a rotator. The excess of oligonucleotides was removed by five 
ultrafiltration and washing steps (400 μL of 0.5X TBE buffer) with a pre-wetted 100 kDa 
molecular weight cut-off filter (MWCO, Amicon Ultra, AMD Millipore) at 10 000 rcf 
for 5 min just before hybridization to 6-HBs to avoid blocking of binding sites on 6-HBs 
by free oligonucleotides.  
Folding of six-helix bundles. Selected staple strands were extended with poly-A linkers 
on their 3’ end on 3 adjacent helices to bind to poly-T-functionalized AuNPs. Each 
binding site is composed of 3 overhangs (5’-A15). To form the 6-HBs, 10 nM of p8064 
scaffold, 170 short staple strands (IDT, depending on the binding site design with or 
without poly-A extension) at 100 nM (each), 5 mM Tris (Applichem), 1 mM EDTA 
(Applichem) (pH 8) and 12 mM MgCl2 (Applichem) were mixed. The mixture was 
annealed from 80 °C to 65 °C at a rate of 1 °C per min and from 65 °C to room 
temperature at a rate of 1 °C per 20 min. Excess staple strands were removed by 
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ultrafiltration (100 kDa cut-off, Millipore) and washing five times with 400 μL 1X TE 
containing 12 mM MgCl2 at 10,000 rcf for 5 min.  
Waveguide assembly and gel purification. The purified 6-HB solution (2 nM final 
concentration for ~17 nm AuNP attachment, 1 nM for ~28 nm and ~56 nm AuNP 
attachment) was quickly mixed with functionalized AuNPs (10  AuNPs / binding site) 
in 1X TE containing 12 mM MgCl2 and 300 mM NaCl unless specified otherwise and 
incubated for 90 min at room temperature. For purification of the assembled waveguides 
from excess AuNPs and aggregates, a 0.75% agarose gel (Roche) was cast with 0.5X 
TBE buffer containing 12 mM MgCl2 and stained with Sybr safe DNA gel stain (Life 
technologies). 0.5X TBE buffer with 12 mM MgCl2 was used as a running buffer. All 
samples were mixed with a 20% volume of gel loading dye (50% glycerol, 5 mM Tris, 
1 mM EDTA, 0.25% bromophenyl blue). Electrophoresis was performed in a fridge at 
4 °C at 85 V for 2.5 h. As a reference, a 1 kb DNA ladder (Thermo Scientific) and 6-HBs 
were used. The selected bands were cut out and chopped into small pieces. The 
waveguide precursors were extracted from the gel with Freeze ‘N Squeeze spin columns 
(Bio-Rad) by centrifugation at 5,000 rcf for 10 min. The waveguide precursors formed 
a pellet at the bottom of the tube. The supernatant was discarded and the pellet was 
resuspended in 1X TE containing 12 mM MgCl2 buffer to the desired concentration.  
Quantum dot attachment to the waveguides. For quantum dot attachment 
experiments, 6-HBs containing two binding sites that are located in the terminal 
positions (BS 0 with 5’-GAAGAAGAAGAAGAAGAA and BS 9 with 
5’-GTGTGTGTGTGTGTGTGT extensions) for attachment of two different quantum 
dots and eight binding sites (from BS 1 to BS 8 with 5’-A15 extensions) for attachment 
of AuNPs, were folded and purified as described above. Qdot 525 streptavidin conjugate 
and Qdot 625 streptavidin conjugate (Thermo-Fisher Scientific) were functionalized 
with biotin modified 5'-BIO TTCTTCTTCTTCTTCTTC and 5'-BIO ACACACACAC 
ACACACAC (Eurofins), respectively. Qdots were mixed with biotin-modified 
oligonucleotides at 1:400 (Qdot:DNA) ratio in Qdot incubation buffer, (2% BSA in 50 
mM borate, pH: 8.3 with 0.05% sodium azide, Thermo-Fisher Scientific). The solution 
was incubated overnight for the biotin attachment to the streptavidin in a thermo-shaker 
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at room temperature. After that excess biotin-modified oligonucleotides were removed 
by ultrafiltration (100 kDa cut-off, Millipore) and washed eight times with 400 μL 1X 
phosphate buffered saline (PBS at pH 7.4) at 10,000 rcf for 5 min. Purified Qdots and 
6-HBs were mixed and incubated for 30 min. After that poly-T functionalized ~17 nm 
AuNPs were added and the solution was incubated for 1 h. Gel electrophoresis was then 
performed as explained above in the waveguide assembly protocol and finally tSEM 
imaging was performed.   
Multimerization of the waveguides. For the multimerization of the waveguides, three 
different monomer 6-HBs were folded, that contained staple strands for the AuNPs 
attachment at every other binding site (BS 0, BS 2, BS 4, BS 6 and BS 8 with 5’-A15 
extensions). Monomer 6-HBs A, B and C were folded separately with adding extra staple 
strands for blocking left/right sides (for A, staple strands of AL and for C, staple strands 
of CR) in the ss loops and interconnecting staple strands (for A, staple strands of AR-
for B, staple strands of BL and BR- for C, staple strands of CL) again in the ss loops. A 
list of staple strands can be found in the appendix. The standard 6-HBs folding protocol 
was used as described above. After folding each monomer, 6-HBs were purified by PEG 
precipitation for each monomer (A, B and C) separately. For this, the unpurified 6-HBs 
solution was mixed at a 1:1 (v/v) ratio with PEG precipitation buffer (containing 15% 
PEG 8000 (VWR), 505 mM NaCl, 5 mM Tris and 1 mM EDTA). The solution was then 
mixed by tube inversion and centrifuged at 16,000 rcf for 25 min at room temperature. 
After the centrifugation, the supernatant was removed by a pipette. The pellet was re-
suspended in the 1X TE containing 12 mM MgCl2 folding buffer and incubated for 
30 min at room temperature. To test multimerization of only 6-HBs before the AuNPs 
attachment, monomers (A, B, C) were mixed at 1:1:1 molar ratio in 1X TE containing 
12 mM MgCl2 folding buffer and incubated overnight. After that, agarose gel 
electrophoresis and tSEM imaging were performed. For the waveguide multimerization, 
monomer waveguides were prepared separately with ~17 nm AuNPs as described above 
and after agarose gel electrophoresis purification of the monomer waveguides, they were 
mixed at a molar ratio of 1:1:1 and incubated overnight at room temperature. Afterwards, 
tSEM imaging was performed.   
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tSEM characterization. Carbon-coated TEM grids (400 mesh copper, carbon on 
formvar, Science Services) were plasma-treated for 20 seconds. 5 µL of the sample 
solution were applied on the TEM grid and incubated for 5 min. The excess solution was 
removed from the grid with a filter paper. Next, 5 µL of a 2% uranyl acetate solution 
was applied for 15 s to stain the 6-HBs and the solution was removed with a filter paper. 
The samples were scanned on a Helios 660 SEM/tSEM system (FEI) operated at 15 kV. 
Automated counting. The contrast of the tSEM images was adjusted such that the 
6-HBs were invisible, and only the AuNPs were visible. A custom MATLAB [158] 
routine was used to automatically identify and count the AuNPs in waveguide precursors 
(MATLAB script available in the appendix). The three main steps in the procedure are: 
(1) Localization, indexing and measuring of all observed AuNPs, performed on a 
thresholded image using the MATLAB function (MF) bwlabel, regionprops. (2) 
Identification of waveguide structures using a spatial clustering algorithm. For this, 
AuNPs were grouped into clusters if they were continually connected with center-to-
center Euler-distances below a given threshold distance (90 nm within an error of one 
pixel). (3) Filtering and sorting of the clusters. Clusters contained 1 AuNP (mostly 
unbound AuNPs) to 25 AuNPs (mostly cross-linked waveguide precursors or waveguide 
precursors accidentally lying in close proximity). Clusters with more than 25 AuNPs 
were rarely observed, which were disregarded from the statistics. All clusters that were 
located closer than 90 nm to the boundary of the tSEM image were excluded. 
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4 ELECTRON ENERGY LOSS 
SPECTROSCOPY 
The results presented in this chapter were produced in various collaborations. Electron 
energy loss spectroscopy measurements and analysis were performed by Assist. Prof. 
Søren Raza who was a former post-doc in the group of Prof. Mark L. Brongersma at 
Stanford University. Spherical monocrystalline CTAC capped gold nanoparticles were 
synthesized by Anja M. Steiner who is a PhD student in the group of Prof. Andreas Fery 
in Leibniz Institute for Polymer Research Dresden. Boundary element method 
simulations were performed by Martin Mayer (PhD student in the group of Prof. Andreas 
Fery) and Dr. Tobias König in Leibniz Institute for Polymer Research Dresden. Some 
sections of this chapter are based on the paper [A] Gür et al., “Self-assembled plasmonic 
waveguides for excitation of fluorescent nanodiamonds”, arXiv.1712.09141, 2017.[159] 
4.1 Introduction 
Electron energy-loss spectroscopy (EELS) is a well-established analytical technique 
based on measuring the energy lost by swift electrons due to the inelastic scattering in a 
thin specimen [160]. EELS has been widely used for several decades and is considered 
an important experimental technique to acquire chemical, structural and optical 
information of nanoscale regions of the specimen [161]. Since EELS is performed in a 
transmission electron microscope (TEM) which uses focused electrons with initial 
kinetic energies of 60-300 keV, very high spatial resolution down to atomic level [162]–
[166] and high energy resolution (100-200 meV) can routinely be achieved [167]. There 
are two approaches in which EELS data can be acquired [168]. The first approach is 
based on energy loss spectral information from the sample and that is why it is denoted 
as spectroscopy mode. This spectroscopy mode is more commonly applied which uses 
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scanning TEM (STEM), where a highly-focused electron beam with an angstrom-sized 
spot is impacting a sample. The spectra from each spatial position of the sample, same 
size of the electron probe, are sequentially collected [169]. As the EELS is carried out 
in STEM mode, this technique is often abbreviated STEM-EELS. The second alternative 
approach is called energy filtering mode used in TEM (EFTEM) [170], where the sample 
is illuminated by a parallel electron beam for imaging larger areas. The image is then 
filtered according to the energy loss of the incident electrons which creates specific 
contrast effects in the image. Although both methods EFTEM and STEM-EELS produce 
comparable results [169], here the focus is on STEM-EELS mode as this method has 
been used in the experiments presented in this chapter. 
4.1.1 Experimental description 
The instrumentation of a standard EELS system is shown in Figure 4.1, which is 
incorporated into a TEM. The electron source, either thermionic or field electron 
emission, emits electrons which are accelerated to a preferred energy between 
60-300 keV. The electron beam is then focused to a subnanometer-sized area on the 
specimen by electromagnetic lenses. The electron beam penetrates a very thin specimen, 
typically 10-200 nm thick, and subsequently scattered electrons are directed by another 
set of electromagnetic lenses. The scattered electrons with large angles by the specimen 
are directed to the annular detector to form an image of the sample. The scattered 
electrons with a smaller angle are directed to the EEL detector through a magnetic prism 
which is connected to the bottom of the microscope. The magnetic prism disperses (or 
bends) the inelastically scattered electrons depending the amount of energy that they 
have lost and such that they can be detected by the EEL spectrometer.   
The electrons can interact with the sample in many different ways. Figure 4.1 illustrates 
the possible excitation and scattering events due to the electron beam irradiation. The 
elastically scattered electrons penetrate through the sample without any loss events, 
while the inelastically scattered electrons lose energy due to the various excitations in 
the sample. The sample with the excited state transitions to the unexcited state by the 
relaxations in the form of photons, X-rays, or Auger electrons. For examples, the 
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relaxation of X-rays can be used for elemental analysis of the sample by energy 
dispersive X-ray spectroscopy [171] and the emission of photons upon excitation of 
plasmons in metallic samples can be detected by cathodoluminescence spectroscopy 
[172], [173]. Cathodoluminescence spectroscopy is explained in more details in 
chapter 5. 
 
 
Figure 4.1 | Schematic illustration of EELS instrumentation and swift electrons 
interaction with the sample, showing the possible scattering and excitation events due 
to the electron beam irradiation. Reproduced from reference [174]. 
A typical EEL spectrum as the one in Figure 4.2 depicts many prominent features and 
three separate regions can be distinguished. The first peak occurs at 0 eV and is therefore 
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called the zero-loss peak (ZPL). The ZPL primarily represents all the incident electrons 
which have been elastically scattered due to the interaction with the atomic nucleus. 
Since the nuclear mass is much larger compared to the electron rest mass, the elastically 
scattered electrons lose very little energy which cannot be detected by EELS. In addition, 
inelastically scattered electrons with energy losses below the EELS resolution, typically 
below 100 meV (such as due to the phonon excitation), also appear in the ZPL peak. 
Since the ZPL is the strongest peak (for very thin samples) in the EEL spectrum, it is 
favorable to subtract the ZPL by post-processing (see method part) to best reveal the 
plasmonic features in the low-loss region. 
 
Figure 4.2 | A typical EEL spectrum, showing the prominent features in three separate 
regions: zero-loss peak, low-loss, and core-loss regions. Reproduced from 
reference [174].  
The low-loss region (below 50 eV) comprises the inelastic scattering events due to the 
interaction between incident electrons and weakly bound electrons in the sample. This 
energy region provides information about optical properties and band structure of the 
materials due to the plasmon excitations, exciton excitations, and inter-band transitions. 
The core-loss region (between 50 eV and hundreds of eV) covers the vast inelastic 
scattering events due to the incident electrons interaction with tightly bound core 
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electrons of the atoms. The signal intensity in the core-loss region is much lower than 
the low-loss region and these high-energy losses can yield a two-dimensional map for 
structural and chemical information of the specimen at atomic resolution [175]. 
4.1.2 EELS for plasmonics 
Here, the focus is on the low-loss EELS region for the study of optical properties of 
metallic structures, particularly inelastic scattering due to the excitations of surface 
plasmons (SPs). Mapping of localized surface plasmons of single metal nanoparticles 
with EELS technique was first reported in 2007 by two independent groups [176], [177]. 
During the last decade, EELS has received significant interests for SP mapping [115], 
[139], [178], [179] in the infrared, visible and ultraviolet regimes by taking advantage 
of its unbeaten high spatial resolution. EELS is now considered as the most advanced 
method to probe plasmonic modes and it is progressively used to study more complex 
nanostructures. Some examples of reported EELS studies for plasmonic systems are 
nanospheres [180], [181], nanorods [182], flat nanostructures [183], resonators [184], 
[185], nanoantennas [186],  dimers [187], [188], trimers [189] and nanoparticle chains 
[114].  
In this chapter, the self-assembly of functional plasmonic waveguides from highly 
monodispersed and monocrystalline AuNPs on 6-HB DNA origami nanotube was 
demonstrated. Both complete waveguides and as a negative control incomplete 
waveguides were prepared as shown in Figure 4.3. To characterize the optical properties 
of the assemblies at a single-particle level with the high spatial and spectral resolution, 
a highly localized fast electron beam was used as a point source to excite surface 
plasmons. The energy loss of the electrons due to the excitation of SPs and various 
coupled plasmonic modes was measured by EELS.  
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Figure 4.3 | Overview of self-assembled DNA origami-based plasmonic waveguides in 
electron energy loss spectroscopy. Schematic representation and corresponding 
transmission mode scanning electron microscope (tSEM) bright-field micrographs of 
complete (a, b) and incomplete waveguides (d, e). Surface plasmon (SPs) are excited by 
an electron beam and the energy loss of the electrons is detected by electron energy loss 
spectroscopy (c, f). SPs do not efficiently couple across the large gap. Scale bars, 
100 nm. 
For all the EELS measurements in this chapter, the samples were deposited on a thin (10 
nm thick) silicon nitride membrane and the transmission electron microscope system 
was used in scanning mode (STEM-EELS). A focused electron beam at an acceleration 
voltage of 300 keV was irradiated on the sample with 0.5 nm spatial resolution. The 
energy losses of swift electrons caused by SPs excitation and various SP modes were 
measured with an energy resolution of 0.1 eV. 
4.1.3 Surface plasmon modes in nanoparticle chains 
The electromagnetic field of the incident electrons can couple to the SPs of metal 
nanoparticles, hence, polarize them and give rise to SP excitations. This creates effective 
dipole moment and SP in nanoparticles hybridize differently depending on the 
orientation of excited dipoles.  
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Figure 4.4 | Schematic illustration displaying the longitudinal surface plasmon bright 
and dark modes in gold nanoparticle chains as a function of chain length.  
Experimental (E) and calculated (C) energy loss values for each mode are depicted for 
45 nm AuNPs with 1 nm inter-particle spacing. The dipolar surface charges shown on 
the structures are not quantitative. Reproduced from reference [114]. 
There are two main SP coupling modes: longitudinal (L), where the dipoles are parallel 
to the particle line and transverse (T) mode, where the dipoles are perpendicular to the 
AuNP chain. Figure 4.4 depicts the evolution of the L modes as a function of a number 
of particles in the chain and energy. One can label the L modes according to mode 
number (1, 2, 3...) from lowest to highest energy. The lowest energy L1 mode, referred 
to super-radiant mode [114],  is a fundamental dipole mode where individual dipole of 
each nanoparticle creates a large dipole moment. The odd mode numbers (L: 1, 3, 5...) 
are assigned as bright modes as they have a net dipole, while the even mode numbers 
(L: 2, 4...) are considered non-radiative dark modes since they have no net dipole.   
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4.2 EELS characterization of waveguides with a comparable 
inter-particle distance to the particle size 
In the first set of EELS measurements, oligonucleotide functionalized AuNPs with a 
dimeter of ~28 nm were used, which were synthesized based on hydroquinone method 
(for the synthesis, functionalization and assembly details, see section “3.3 Attachment 
of larger gold nanoparticles” in chapter 3). A single AuNP, a randomly assembled dimer 
and a waveguide with nine AuNPs were analyzed, as shown in Figure 4.5 TEM 
micrographs. The ninth AuNP is a result of an unspecific binding to the single-stranded 
loops at the end of the 6-HB, for the details see the subsection “complexes contain more 
than eight gold nanoparticles” in chapter 3.2.3.  
Figure 4.5a shows the EELS spectra for a single AuNP and the spectra are collected 
according to electron beam excitation positions, colored squares in TEM micrograph. 
Since the AuNP is spherical and symmetric, irrespective of electron beam impact areas 
single energy-loss peak at 2.3 eV was observed, which plasmon resonance energy of the 
single particle is. The experimental EELS map at this resonance energy reveals that the 
energy-losses are due to the dipolar mode of the AuNP. 
Figure 4.5b shows the EELS spectra of the AuNP dimer with about 1 nm spacing. 
Associated electron beam impact positions (colored squares), on the edge of the dimer 
and on the center of the gap, are depicted. As previously reported for metal dimer EELS 
studies [187], [190]–[193], plasmon coupling within the dimer splits into two distinct 
dipoles, bonding and anti-bonding dipoles, which result in the energy-loss peaks at 
1.75 eV and 2.3 eV respectively. In agreement with the literature [114], these resonances 
can be assigned L1 super-radiant, bright mode (bonding interaction) at 1.75 eV and L2 
dark mode (anti-bonding interaction) at 2.3 eV. The transverse mode and L2 dark mode 
show similar experimental EELS maps as in good agreement with previous reports 
[114], [194], [195]. Since the resonance energies of transverse mode and L2 mode are 
very close and probably spectrally broad, they could not be distinguished in EELS. 
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Figure 4.5 | Electron energy loss characterization of a single particle, a dimer, and a 
waveguide.  Experimental EELS spectra are acquired from all the electron beam 
excitation points within the squares in corresponding colors in TEM micrographs. The 
EELS maps show EELS intensity as a function of electron beam excitation spot at the 
corresponding resonance energies. All the AuNPs are ~28 nm in diameter. Scale bars, 
20 nm.  
Figure 4.5c shows the EELS spectra and EELS maps of the waveguide with nine AuNPs 
attached and a ~14 nm spacing. The electron beam was irradiated at different locations 
in the vicinity of AuNPs in the waveguide, and the corresponding spectrum was acquired 
according to electron beam excitation locations. Irrespective of the excitation locations, 
all the spectra show the same profile with a broad peak. The EELS maps were recorded 
at 2.3 eV and at 2 eV where these energies appear in the broad peak of the EELS spectra. 
The EELS map at 2.3 eV, where single particle plasmon resonance was observed at this 
energy, can be considered as a transverse mode of the waveguide. Since the SP coupling 
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is weak due to the large inter-particle spacing, neither EELS spectra nor EELS maps are 
distinct at 2 eV. Therefore, it cannot be concluded that what mode the waveguide has at 
this energy. However, it is probably L1 mode, since L1 is always the lowest energy 
mode. 
4.3 EELS characterization of waveguides with closely spaced 
particles 
As it has shown from the experiments described in the previous section, the inter-particle 
distance is a critical aspect for SP coupling. Therefore, minimizing inter-particle spacing 
and maximizing plasmonic coupling between the AuNPs are required. For this, AuNPs 
with a size equal to the distance of binding sites on the 6-HB were synthesized by seed-
mediated method [196]. This method provides more control over the size and shape of 
the AuNPs compare to HQ method which was used in chapter 3.  
 
Figure 4.6 | Characterization of monocrystalline and monodispersed ~42 nm gold 
nanoparticles. A TEM image (a) and size distribution analysis (b) of AuNPs. Scale bar, 
100 nm. 
Since this method produced AuNPs with precise size and highly spherical shape, CTAC 
capped AuNPs were used for the rest of the studies presented in this theses. Due to the 
changes of the ligand cap from BSPP to CTAC, the new protocol was developed for the 
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functionalization of AuNPs with thiol-modified oligonucleotides, see Materials and 
methods section for details. Size distribution analysis and TEM micrograph reveal that 
the mean size of the AuNPs is ~42 nm as shown in Figure 4.6.  
These highly monodispersed and monocrystalline AuNPs were functionalized with 
thiol-modified oligonucleotides. The functionalized AuNPs hybridize to complementary 
binding sites displayed on the 6-HB DNA origami nanotube (same as in chapter 3).  
 
Figure 4.7 | Design and assembly reaction of waveguides: schemes and corresponding 
tSEM bright-field micrographs. (a) Thiol-modified oligonucleotides functionalized ~42 
nm AuNPs. (b) 6-HBs design with binding sites for complete and incomplete 
waveguides. (c) Correctly assembled eight particles attached complete waveguide and 
six particles attached incomplete waveguide with ~84 nm gap between trimers. Scale 
bars, 100nm. 
As shown in Figure 4.7, the 6-HB structures were mixed with functionalized AuNPs and 
excess AuNPs and aggregates were removed by agarose gel electrophoresis. Eight 
AuNPs attached complete waveguides with an estimated inter-particle gap of 2 nm and 
incomplete waveguides where binding sites were omitted for two particles in the center 
of the 6-HBs were prepared. This incomplete waveguide with a gap of about 84 nm 
served as a negative control for the measurements. The correctly assembled complete 
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and incomplete waveguides were visualized by tSEM micrographs and these assemblies 
are in good agreement with the designs, see Figure 4.7. 
First, begin with the single particle analysis, Figure 4.8 shows EEL spectrum of a single 
AuNP with a diameter of ~42 nm where the electron beam was used to excite the vicinity 
of the AuNP, indicated by the blue square. The spectrum shows the plasmon resonance 
energy of the single AuNP at 2.3 eV (~539 nm).  Experimental and simulated EELS 
maps were recorded at this resonance energy, showing energy loss intensity of the 
electrons (or electron count at this resonance energy) as a function of electron impacting 
spots. For the single particle, as in the previous section, only a single energy-loss peak 
in the spectrum was observed due to the excitation of dipolar mode, confirmed by both 
experimental and simulated EELS maps.  
 
Figure 4.8 | Electron energy loss spectroscopy characterization of a single gold 
nanoparticle. EEL spectrum of a single AuNP (a), taken in the location indicated by the 
blue square in dark-field TEM micrograph inset, Scale bar, 50 nm. Experimental (b) 
and simulated (c) EELS map of the single AuNP. The AuNPs are 42 nm in diameter. 
Next, the waveguide assemblies composed of ~42 nm AuNPs were investigated. 
Figure 4.9 (a, d) shows the experimental EELS spectra of a complete and an incomplete 
waveguides, the spectra were collected by impacting a focused electron beam in the 
vicinity of AuNPs indicated by the squares in corresponding colors in TEM micrographs 
insets. The gap between the trimers in the incomplete waveguide in Figure 4.9d was 
measured as ~81 nm which is in good agreement with theoretical value in the design. 
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Figure 4.9 | Electron energy loss characterization of a complete and an incomplete 
waveguides. Experimental EELS spectra (a, d) are acquired from all the excitation 
points within the squares in corresponding colors in the TEM micrographs insets. Scale 
bars, 50 nm. Experimental (b, d) and simulated (c, f) EELS maps at different energies, 
showing longitudinal super-radiant mode (L1), dark mode (L2), bright mode (L3), and 
transverse (T) modes. Experimental EELS maps are centered at the resonance energies 
of each mode with a spectral window of 0.15 eV.  The AuNPs are ~42 nm in diameter. 
The energy loss peaks for longitudinal (L = dipoles along the waveguide) and transverse 
(T = dipoles perpendicular to the waveguide direction) modes can clearly be 
distinguished. The energies of the L modes are red shifted while the energy of the 
transverse mode (2.35 eV, 527 nm) is slightly blue shifted compared to single AuNPs 
resonance energy (2.3 eV, ~539 nm, in Figure 4.8). The lowest energy mode L1, super-
radiant mode, is detected at 1.27 eV (~976 nm). The L2 dark mode (non-radiative) at 
1.68 eV (~738 nm) and L3 bright mode (radiative) at 1.8 eV (~689 nm) were detected. 
Dark modes are also considered to effectively support propagation of SP modes along 
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the closely spaced metal nanoparticle due to lower radiative losses than bright 
modes [197].  
The EELS maps of complete and incomplete waveguides at all the detected resonance 
energies shown in the spectra were recorded. In order to assign each mode, boundary 
element method (BEM) simulations were performed with the same particle arrangement 
as in the experiments. The size and location of AuNPs were obtained from high-
resolution electron micrographs. The modeled maps for each mode are in good 
agreement with experimental results. The energy differences of the modes between 
experiment and simulation come from the parameters which were not included in 
simulations for simplicity, such as DNA capping on the AuNPs surface, deviations from 
perfect spheres and the refractive index of silicon nitride substrate. These EELS results 
resemble the previous report where they study the surface plasmon resonances of 
strongly coupled AuNP chains from monomer to hexamer was studied [114]. 
In principle, there are even higher order bright and dark sub-modes (L: 4, 5, 6, 7, 8). 
However, these modes could not be detected for some reasons: first, the resonance 
energies are too close to one another and these higher order modes overlap with the 
strong T mode, which makes hard to distinguish them (see Figure 4.9). The second 
reason is that the surface plasmon moves slower at higher energies [1], i.e. it takes a 
longer time to form the higher-order modes. Perhaps this “formation” time of the higher-
order modes is too long compared to the interaction time of the swift electrons. In 
addition, surface plasmons with lower group velocity also experience more losses [198], 
and hence, the higher-order modes may have weaker amplitudes. Both effects contribute 
to low EELS intensities. However, in the measured EELS spectra, the observed spectral 
shape of transverse mode slightly varies depending on the electron beam excitation 
positions, which might be a sign of these different higher order sub-modes, 
see Figure 4.9 (a and d). 
Chapter 4: Electron energy loss spectroscopy 
Fatih Nadi Gür – December 2017   71 
 
 
Figure 4.10 | Schematics of coupled plasmonic modes and boundary element model 
simulations of linear complete and incomplete waveguides EELS maps. Scheme 
illustrating the SP modes evolution in the complete waveguide (a). Simulated EELS 
maps (b, c) showing the longitudinal modes: super-radiant mode (L1), dark mode (L2) 
and bright mode (L3), and transverse mode (T). The size of AuNPs is assumed as 42 nm 
with a 2 nm inter-particle spacing. The gap between trimer AuNPs in the incomplete 
waveguide is assumed as 90 nm. 
The incomplete waveguide reveals plasmon resonances of individual trimers that couple 
differently one another across the large gap, whereas the complete waveguides are 
supporting continuous SP propagation along the entire chain of eight particles. The 
larger redshift of the super-radiant mode (L1) and the dark mode (L2) in the complete 
waveguide compared to L1 and L2 modes of the incomplete waveguide is also an 
evidence for an effective SP propagation. To investigate the effect of the geometrical 
deviations from a non-linear assembly, linear complete and incomplete waveguides were 
simulated, see Figure 4.10. The simulation results suggest only small energy differences 
for each mode compared to the slightly disordered waveguides in Figure 4.9c. This is 
also confirmed by a previous simulation study where disordered and irregular sizes of 
single particle chains were investigated [112]. 
Plasmonic waveguides self-assembled on DNA origami templates: from synthesis to near-field 
characterizations 
72 Fatih Nadi Gür – December 2017 
 
4.4 EELS characterization of waveguides with extremely 
short inter-particle distance 
The inter-particle spacing can be further decreased by preparing slightly bigger AuNPs 
than the distance between the binding sites in the 6-HB design. The size distribution 
analysis and a TEM micrograph reveal that the mean size of the AuNPs of this batch is 
~45 nm as shown in Figure 4.11.  
 
Figure 4.11 | Characterization of monocrystalline and monodispersed ~45 nm gold 
nanoparticles. TEM image (a) and size distribution analysis (b) of AuNPs. Scale bar, 
100 nm. 
As the combined diameter of the AuNPs and the oligonucleotide shell is larger than the 
distance between the binding sites on the 6-HB (42.2 nm), the particles are assumed to 
minimize their free energy during the drying process [113], thereby minimizing the 
inter-particle spacing, which occasionally results in slightly deformed zigzag patterns, 
see Figure 4.12. This mechanical compression of the protective oligonucleotides layer 
around the AuNPs allowed reducing gap sizes from around 7 nm for mechanically 
uncompressed functionalized AuNPs [156] to below 1 nm. Reinforcing the DNA 
origami scaffold [109] may straighten the structures into more linear configurations if 
so desired. 
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Figure 4.12 shows EELS characterization of the complete waveguides composed of 
~45 nm AuNPs with a spacing that is estimated to be less than 1 nm from high-resolution 
TEM images. The EEL spectra are collected by impacting a focused electron beam in 
the vicinity of AuNPs indicated by the squares in corresponding colors in TEM 
micrographs insets. The lowest energy mode L1 is detected at 0.62 eV for a waveguide 
composed of seven particles and at 0.42 eV for an eight particle waveguide. These 
energies lie in the infrared regime. Compared to the results in Figure 4.8a, a redshift for 
all the L modes were observed, which are attributed to the increased plasmon coupling 
from smaller gaps. By using the same DNA origami template, the waveguide resonances 
can be tuned simply by changing the particle size. The particle size only changed by ~3 
nm in this section, and the L1 mode shifted by almost 1 eV for the eight particle 
waveguide. This is a good control for tuning the resonances of the waveguides. There is 
a probability that the electron beam could initiate the fusing process [199] between 
AuNPs due to the high energy dose and very narrow gaps (below ~1 nm) between the 
particles.  
The gradual redshift might theoretically also be a result of fused particles which act as a 
nanowire. Since the experimental and simulated EELS maps match very nicely and 
unfused particles were used in the simulations, one can consider that is probably a good 
sign of the particles not being fused into one long linear chain. A possible situation could 
be that a couple of particles were fused, but probably not the whole waveguide. 
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Figure 4.12 | Electron energy loss spectroscopy characterization of complete 
waveguides composed of ~45 nm gold nanoparticles with less than 1 nm inter-particle 
spacing. Experimental EELS spectra (a, d) of the waveguides are acquired from all the 
excitation points within the squares in corresponding colors in the TEM micrographs 
insets. Scale bars, 50 nm. Experimental (b, e) and simulated (c, f) EELS maps of the 
longitudinal modes (L1, 2, 3, 4) and transverse (T) mode. Experimental EELS intensity 
maps are centered at the resonance energies of each mode with a spectral window 
of 0.15 eV. 
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4.5 Concluding remarks 
In conclusion, the nature and spatial distribution of SP modes were systematically 
studied in both complete and incomplete waveguides with different sizes and inter-
particle distances. The understanding of fast electrons coupling to SPs was addressed by 
both experimental and modeling EELS results. The results reveal that SP coupling 
between the particles increases with a decreasing inter-particle spacing caused by an 
increasing particle diameter at a constant distance between binding sites. With the aid of 
programmability of the binding sites on the DNA origami template and synthesis of 
precise sized AuNPs, a good control was demonstrated to tune SP resonances of the 
waveguides. High-resolution energy mapping of the waveguide assemblies by the 
spectral and spatial EELS probing showed multiple coupled bright and dark SP modes 
ranging from the visible to the infrared regimes. Furthermore, EELS probing allows the 
detection of the dark SP modes which cannot be resolved by any other optical 
techniques. The experimental results are in excellent agreement with boundary element 
method EELS simulation results.  
4.6 Materials and methods 
Synthesis of monocrystalline spherical AuNPs. The AuNPs were synthesized based 
on a seed-mediated growth and the protocol adopted from Steiner et al.[196]. To form 
single-crystalline 2 nm Au seeds, 25 µL of 50 mM hydrogen tetra-chloroaurate 
(HAuCl4, >99.9%, Sigma Aldrich) were added to 4.7 mL of 0.1 M hexadecyltrimethyl-
ammonium bromide (CTAB, 99%, Merck KGaA) solution and slowly stirred for 10 min 
at 32 °C. Afterwards, 300 µL of freshly prepared 10 mM sodium borohydride (NaBH4, 
99%, Sigma Aldrich) were injected under vigorous stirring, which was continued for 
30 seconds. For the next overgrowth step, the seeds were aged for 25 min at 32 °C to 
ensure the complete reaction of NaBH4 and also reproducibility.   
To prepare 8 nm Au seeds, 20 mL of 200 mM of hexadecyltrimethylammonium chloride 
(CTAC, 25 wt.% in ultrapure water, Sigma Aldrich), 15 mL of 100 mM ascorbic acid 
(AA, C6H8O6, >99%, Sigma Aldrich), and 1 mL of the initial CTAB- capped Au seeds 
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were mixed in a 100 mL beaker. Subsequently, 20 mL of aqueous 0.5 mM HAuCl4 
solution was quickly injected under stirring. The reaction was allowed to continue for 
15 min at room temperature (RT). The seeds were centrifuged at 15,000 rcf for 1 h and 
washed once more with ultrapure water. For the next round of growth, the Au seeds were 
dispersed in 10 mL of aqueous CTAC solution (10 mM). 
For this study, two batches of AuNPs were used with a diameter of 41.8 ± 2.6 nm or 
44.9 ± 1.8 nm. To prepare CTAC-capped AuNPs, aqueous solutions of CTAC (60 mM, 
200 mL), AA (1 M, 260 μL) and 2.5 mL (for a diameter of 41.8 nm), 1.95 mL (for a 
diameter of 44.9 nm) of the 8 nm seeds were mixed. Additionally, 200 mL of a growth 
solution including HAuCl4 (1 mM) and CTAC (60 mM) were prepared and heated up to 
45°C until the precursor complex was formed. Afterwards, the growth solution was 
added dropwise under moderate stirring using a syringe pump system at an injection rate 
of 1.0 mL/min. The reaction was allowed to continue for 12 h at RT after the injection 
was finished. The final product was collected by centrifugation at 12,000 rcf for 20 min 
and washed twice with 2 mM CTAC solution. For further use, the nanoparticles were 
re-dispersed in 30 mL of aqueous CTAC solution (5 mM).  The respective size 
distribution (41.8 ±2.6 nm, 44.9±1.8 nm) was determined by TEM image analysis of at 
least 120 particles. 
Functionalization of AuNPs. Before the functionalization of AuNPs with 
oligonucleotides, the CTAC cap was exchanged with bis (p-sulfonatophenyl)-
phenylphosphine dihydrate dipotassium salt (BSPP, Sigma-Aldrich). For this, first 1 mL 
of the CTAC capped AuNPs was centrifuged at 10,000 rcf for 5 min to remove the 
excess CTAC, and they were dissolved in 1 mL of ultrapure water. After washing with 
ultrapure water, AuNPs were once more centrifuged at 10,000 rcf for 5 min, and 
resuspended in 1 mL of 5 mM BSPP supplemented with 1% Tween-20 (Applichem). 
The solution was then shaken for overnight. After that, 1 mL of methanol was added 
(the colour changed from red to blue), and centrifuged at 10,000 rcf for 5 min. The 
supernatant was discarded and AuNPs were resuspended in 1 mL of a 5 mM BSPP 
solution. After that, the AuNP solution was vortexed, and then shaken for 2 h at 25 rpm 
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in a rotator. During this time, the solution was sonicated for 20 s several times until the 
AuNP solution turned red.  
Next, AuNPs were conjugated to thiol-modified oligonucleotides (IDT), as described in 
chapter 3. First, the thiol-modified oligonucleotides (5’ ThioMC6-T15) were incubated 
with 20 mM TCEP (Tris (2-carboxyethyl) phosphine hydrochloride, Sigma-Aldrich) for 
45 min. Then, AuNPs and the thiol-modified oligonucleotides were mixed in 0.5X TBE 
(Tris base, boric acid, EDTA, pH = 8.0) buffer at a ratio of 1:3000 (AuNP: ssDNA). To 
increase the oligonucleotide loading density on the surface of AuNPs, an aqueous 5 M 
of NaCl solution was added in four steps to reach a final concentration of 500 mM NaCl. 
After each addition of NaCl, the AuNPs solution was sonicated for 20 s and incubated 
for 20 min. After the last NaCl addition, the mixture of AuNPs and oligonucleotides was 
shaken for 2 days at 50 rpm with vibration mode at RT in a rotator. During this time, the 
solution was sonicated for a min several times to prevent unspecific dimer, trimer AuNP 
formation. After that, the solution was centrifuged at 10,000 rcf for 5 min to concentrate 
the AuNPs and supernatant was removed, and AuNPs were resuspended in 400 μL of 
0.5X TBE buffer. Afterwards, the excess of oligonucleotides was removed by 
ultrafiltration (100 kDa MWCO, Amicon Ultra, AMD Millipore) and washed five times 
with 400 μL of 0.5X TBE buffer at 10,000 rcf for 5 min right before mixing with 6-HBs. 
Folding of 6-HBs. The same 6-HB design and staple strands were used as in chapter 3. 
Briefly, to attach the thiol-modified poly-T conjugated AuNPs, 6-HBs were designed 
for eight binding sites (binding sites numbers from 1 to 8) with a center-to-center 
distance of 12 helical repeats (126 bp) resulting in 42.2 nm between two binding sites. 
Each binding site consisted of three single-stranded poly-A (5’-A15) extensions of staple 
strands on three adjacent helices. For the incomplete waveguides, binding sites number 
4 and 5 staple strands without poly-A extensions were used resulting in a center-to-
center distance of 126.6 nm between binding sites number 3 and 6. To form the 6-HBs, 
10 nM of p8064 scaffold (obtained from Dr. David Smith, IZI Leipzig), 170 short staple 
strands (IDT) (including respective binding sites as poly-A extensions) at 100 nM 
(each), 5 mM Tris (Applichem), 1 mM EDTA (Applichem) (pH 8) and 12 mM MgCl2 
(Applichem) were mixed. The mixture was annealed in a thermal cycler (Bio-Rad C1000 
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Touch) from 80 to 65 °C at a rate of -1 °C/min and from 65 °C to RT at a rate of -1 °C/20 
min. After the folding reaction, 6-HBs were purified from excess staple strands by 
ultrafiltration (100 kDa MWCO) washing five times with 400 μL of 1X TE containing 
12 mM MgCl2 at 10,000 rcf for 5 min.  
Waveguide assembly. The purified 6-HB solution (0.8 nM final concentration) was 
quickly mixed with freshly functionalized and purified AuNPs (10 AuNPs/binding site) 
in 1X TE containing 12 mM MgCl2 and incubated for 1 h at RT. Correctly assembled 
waveguides were separated from excess AuNPs and aggregates by agarose gel 
electrophoresis in a 0.75% agarose gel (Roche) containing 0.5X TBE buffer and 12 mM 
MgCl2. The same buffer was used as the running buffer. All samples were mixed with a 
20% volume of gel loading dye (50% glycerol, 5 mM Tris, 1 mM EDTA, 0.25% 
bromophenol blue and 0.25% of xylene cyanol) just before loading the samples to the 
gel pockets. Electrophoresis was performed in an ice-box at 4 °C for about 2 h at 70 V. 
The selected bands were cut out and chopped into small pieces. The waveguides were 
extracted from the gel with Freeze ‘N Squeeze spin columns (Bio-Rad) by centrifugation 
at 5,000 rcf for 10 min.  
To confirm the waveguide assembly, waveguide samples were imaged by SEM/tSEM.  
For this, carbon-coated TEM grids (carbon on formvar, Science Services) were plasma-
treated for 20 s. Next, 5 µL of the waveguide sample solution was applied on the TEM 
grid and incubated for 5 min. The excess solution was removed from the grid with a 
filter paper. Next, 5 µL of a 2% uranyl formate solution was applied for 1 minute to stain 
the 6-HB structures, and the solution was removed with a filter paper. The samples were 
scanned on Gemini SEM500 (Zeiss) and Helios 660 SEM/tSEM system (FEI) operated 
at 15 kV.  
EELS sample preparation. Silicon nitride TEM membranes (10 nm thick, nine 
windows, SiMPore TEM Grids) were used as a thin substrate for EELS measurements. 
The TEM grids were plasma-treated for 3 min. Next, 10 µL of poly-L-ornithine solution 
(0.01%, Sigma-Aldrich) was applied and incubated for 30 s and finally, the membrane 
was rinsed with ultrapure water and excess water was removed with a filter paper. Next, 
10 µL of waveguide sample solution was applied and incubated for 2 min. Then the 
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TEM membrane was washed once more with ultrapure water and the excess solution 
was removed with a filter paper.  
EELS Measurements. The EELS measurements were performed with a FEI Titan 
transmission electron microscope equipped with a monochromator and an image 
corrector. The microscope was operated in monochromated STEM mode at an 
acceleration voltage of 300 keV, providing a spot size of approximately 0.5 nm and an 
energy resolution of 0.10 eV (measured as the full-width at half-maximum of the zero-
loss peak). The microscope was equipped with a Quantum 966 electron energy-loss 
spectrometer and the Gatan DigiScan acquisition system, which recorded an entire 
EELS intensity map in 5 to 25 min, depending on the number of pixels. A C3 aperture 
size of 50 µm, a camera length of 38 mm, an entrance aperture of 2.5 mm and a spectral 
dispersion of 0.01 eV per pixel was used. In addition, the automatic drift and dark current 
correction function included in the acquisition system was used. The individual EELS 
spectrum of the EELS intensity maps (with pixel sizes typically of 1–1.5 nm) were 
recorded with acquisition times ranging from 5 to 15 ms. 
EELS spectral processing. To minimize the impact of monochromator drift during 
EELS acquisition, each row in the EELS data matrix was normalized to the EELS 
spectrum of the first column in the corresponding row. Afterwards, the zero-loss peak 
of each EELS spectrum was removed. To this end, two different methods were used, 
which both provide similar results: (i) the reflected-tail method, where the negative 
energy part of the zero-loss peak is mirrored around the zero-energy point to reconstruct 
the zero-loss peak, or (ii) fitting of a power-law function in the energy range 0.5 eV to 
around 1 eV to reconstruct the background signal. The resonant EELS intensity maps 
shown in this chapter depict the summed background-removed EELS signal in a 0.15 eV 
spectral window centered at the resonance energies. The EELS signal from inside the 
nanoparticles was noisy and therefore removed in the map depictions. To detect the 
pixels inside the nanoparticles, image analysis was performed using the Image 
Processing Toolbox in MATLAB. 
EELS-BEM simulations. Simulations of electron energy loss spectra and mappings 
were performed using the MATLAB MNPBEM13 toolbox [200], which is based on the 
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boundary element method (BEM) open source code by F. J. Garcia de Abajo and A. 
Howie [201].  Each sphere of the waveguide was approximated by triangulation (400 
vertices/particle). The dimensions and relative positions of the AuNPs were 
approximated to those observed in the TEM micrographs of the corresponding 
waveguide. The dielectric properties of gold were taken from P. B. Johnson and R. W. 
Christy [202]. An effective medium (n = 1.3) was chosen to compensate the lack of the 
vacuum/substrate interface. The energy of the simulated electron beam was set to the 
experimental accelerating voltage of the TEM. For each waveguide, several spectra were 
evaluated in the energy range from 1-4 eV at different electron beam positions (non-
penetrating) to ensure excitation of all possible plasmonic modes. Electron energy loss 
mappings were performed at selected energy levels and were simulated by a 2 nm mesh 
of the electron beam. 
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5 CATHODOLUMINESCENCE 
IMAGING SPECTROSCOPY  
The results presented in this chapter were obtained in various collaborations. 
Cathodoluminescence imaging spectroscopy measurements and analysis were 
performed together with Dr. Cillian McPolin who was a post-doc in the group of Prof. 
Anatoly V. Zayats in King’s College London at the time of the measurements. 
Photoluminescence measurements and analysis were done together with Diane Roth 
who is a PhD student in Prof. Anatoly V. Zayats group in King’s College London. I was 
supported by the cfaed inspire grant for the research stay in King’s College London. The 
simulation results were produced by Dr. Tobias König in Leibniz Institute for Polymer 
Research Dresden. Some sections of this chapter are based on the paper [A] Gür et al., 
“Self-assembled plasmonic waveguides for excitation of fluorescent nanodiamonds.”, 
arXiv.1712.09141, 2017.[159] 
5.1 Introduction 
The discovery of cathodoluminescence (CL) was in the mid-nineteenth century when 
the light emission was observed from cathode electron rays that were irradiating on a 
glass substrate. A familiar example, CL has been used as an emission source for 
computer monitors and televisions. CL is the inverse process of the photoelectric effect. 
Light (UV-Vis-IR) is generated when an electron beam is incident on the specimen. 
Since CL spectra provide detailed information about material features, CL is now a 
widely used method for the characterization of materials in mineralogy, geology, 
semiconductor physics, materials science, plasmonics and many other fields.  
In addition to EELS, cathodoluminescence imaging spectroscopy has been used to map 
surface plasmons [115]. Compare to the EELS signal, CL signal is often much weaker, 
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which is limiting when the good signal-to-noise ratio is necessary to resolve multi 
spectral features. However, CL has some benefits, since there is no need to collect 
transmitted electrons, it can be performed in scanning electron microscopes (SEMs) and 
allows to work with thick samples. There are several studies that used this technique for 
mapping surface plasmons over the last decade, some examples, for gold Yagi-Uga 
antennas [203], gold nanorods [204], gold nanodecahedras [205] and in Fabry-Perot gold 
resonators [206]. 
 
Figure 5.1 | Schematic overview of electron beam interaction with gold crystal and 
SEM-CL measurement setup. (a) Schematic of an electron beam impacting on a gold 
surface, generating surface plasmon polaritons (SPPs) and transition radiation (TR). 
The background shows the interference pattern of SPPs outcoupled by a grating. 
(b) A 30 keV electron beam passes through a hole in a parabolic mirror and irradiates 
the sample, producing cathodoluminescence signal. The photons emitted into the 
far-field are collected by a parabolic mirror and directed into the CL detector, which 
contains a spectrometer with a CCD camera. The electron beam is scanned across the 
sample, with the CL spectrum collected at each excitation position. Panel (a) reproduced 
from [206]. 
Figure 5.1a shows electron beam interaction with the gold surface. The electron beam 
excitation generates transition radiation (TR) and surface plasmons propagation. SPs 
and TR emission are coherent, and when the plasmonic modes are converted to free 
space light, that is by scattering from a grating, in the far field where the CL detection 
takes place [207]. Because the electron beam excitation is highly localized, it acts like a 
large range of optical wave vector and induces efficient coupling with SPs which scatter 
to the far field as a CL signal.      
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The main component of cathodoluminescence imaging spectroscopy system is the SEM 
which includes electron source and allows imaging with the aid of secondary and 
backscattered electrons, see Figure 5.1. The electron source provides beam currents in 
the nA regime which is required to produce detectable CL intensities. The generated CL 
signals are collected by a parabolic mirror which redirects the CL signals to the 
spectrometer and CCD with the help of the lenses.  
 
Figure 5.2 | Overview of self-assembled DNA origami-based plasmonic waveguides in 
cathodoluminescence imaging spectroscopy. Schematic representations and 
corresponding tSEM dark-field micrographs of complete (a, b) and incomplete 
waveguides (d, e) with a fluorescent nanodiamond in close proximity. Surface plasmons 
are excited by an electron beam and the plasmons propagating to the FND excite a 
fluorescence that is being detected (c) by cathodoluminescence imaging spectroscopy. 
Surface plasmons do not efficiently couple across the large gap. Scale bars, 100 nm. 
In order to understand luminescence properties of the waveguide system and the 
evolution of the SPs modes, the same complete and incomplete waveguides presented 
in chapter 4, combined with and without a fluorescent nanodiamond were studied by the 
SEM-CL system. The waveguide structures were deposited on a silicon substrate and a 
focused 30 keV electron beam was scanned across the samples with ~15 nm spatial 
resolution. The energetic electron beam induced an effective dipole that couples to the 
plasmon modes of the nanoparticles, with the resulting far-field photon emission 
detected by the CL system, see Figure 5.2. 
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5.2 CL characterization of waveguides 
In the first set of experiments, complete and incomplete waveguides without a FND were 
investigated by the combined SEM-CL system, showing excitation of SP modes at the 
nanoscale with an electron beam and their propagation along the AuNP chain. SP modes 
were detected as photons after decoupling as free-space light in the far-field. 
 
Figure 5.3 | Cathodoluminescence imaging spectroscopy characterization of a 
complete and an incomplete waveguides. Experimental CL spectra (a, d) collected from 
the electron beam excitation locations indicated by the squares in the SEM micrographs 
(b, e). Spatially-resolved CL maps of the waveguides at the detection wavelength of 
550 nm ± 10 nm (c, f), showing CL intensity as a function of electron beam excitation 
positions (pixel size ~15 x 15 nm). Scale bars, 100 nm. 
Figure 5.3 shows CL spectral and spatial analysis of a complete waveguide and an 
incomplete waveguide with a gap of ~85 nm between the trimers. Electron beam impact 
areas are marked by squares in corresponding colors in the SEM micrographs. Spatially 
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resolved CL maps of the waveguides at the detection wavelength of 550 nm ± 10 nm 
show the CL intensity variations as a function of electron beam excitation locations (in 
pixels; pixel size ~15 x 15 nm).  
The CL spectra show peak maxima at ~540 nm for the complete waveguide and at 
~545 nm for the incomplete waveguide which correspond to the T modes of the 
respective waveguides. As it was seen in EELS, the transverse mode is blue shifted 
compared to the single particle resonance energy, which has a peak maxima at ~557 nm 
(see also Figure 5.4a). Observation of larger blue shift in complete waveguides could be 
an indication of efficient SP coupling over the eight particles, and the less blue shift in 
the incomplete waveguide can be attributed to SP coupling of three particles. 
 
Figure 5.4 | Cathodoluminescence spectroscopy characterization of a single AuNP. 
(a) Experimental CL spectrum of a single AuNP, acquired at electron beam excitation 
location indicated by the blue square in the SEM micrograph inset. Scale bar, 50 nm. 
(b) Simulated CL spectrum of a single AuNP, where single electron beam excitation at 
the center, as indicated by a blue dot in modeled image. The size of AuNP is 42 nm. 
The variations of the CL intensity in CL map at 550 nm depending on electron beam 
excitation locations can be interpreted as a sign of the excitation of different SP modes 
or exciting the same SP mode with different intensities. Unfortunately, resolving 
neighboring spectral features from the CL spectra is difficult due to the low signal-to-
noise ratio. In order to classify the SP modes, finite-difference time-domain (FDTD) 
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simulations were used for modeling. The same complete waveguide which is presented 
in Figure 5.3a was modeled.  
 
Figure 5.5 | Cathodoluminescence experimental and simulation spectral analysis of 
complete waveguide. Normalized experimental CL spectra of a complete waveguide 
taken at a single pixel (not averaged over several pixels) (a, c). FDTD simulation of 
normalized CL spectra of the same complete waveguide (b, d). Electron beam excitation 
locations are indicated by the squares in corresponding colors in SEM and modeled 
image. Scale bars, 100 nm. This is the same structure as in Figure 5.3a. 
Figure 5.5 depicts experimental and simulated CL spectra of a complete waveguide 
measured at different electron beam excitation positions in the AuNPs chain. Averaging 
pixels can give rise to a sum of different modes and change neighboring spectral 
features. For this reason, single pixel analysis was used in experimental CL spectra 
instead of smoothing the data by binning every two or three wavelength measurement. 
In both experiment and simulation, CL intensities are higher in excitation of end particles 
(blue and purple) than the excitation of particles in between (red and yellow). Although 
the experimental spectra are still noisy (in Figure 5.5c), they quite resemble modeling 
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spectra with slight differences at the maximum peak. The differences come from the 
particle sizes and inter-particle distance since the particles were assumed perfectly 
spherical with 42 nm in diameter and 2 nm spacing between the particles in the 
simulations. 
The highest peak is measured at 540 nm in the experiment and at 555 nm in simulation; 
these can be interpreted as transverse modes of the waveguide. Unlike single particle 
CL spectra (in Figure 5.4) where one clear peak for single particle resonance was 
detected, additional peaks and shoulders were observed in complete waveguide CL 
spectra. As the dark modes cannot radiate to the far-field and cannot be detected in CL 
spectroscopy, those additional peaks can be interpreted as a feature of the higher order 
bright sub-modes. 
 
Figure 5.6 | Cathodoluminescence spectral analysis of single particle to five particle 
chain in the infrared region. Averaged and normalized CL spectra of single to five 
AuNPs chain, each spectrum is color indicated by squares in corresponding colors in 
SEM micrographs. AuNPs are ~45nm in diameter with less than 1 nm inter-particle 
spacing. Scale bar, 100 nm. 
Since the lowest energy L1 mode (super-radiant bright mode) was detected in infrared 
regime in EELS study, L1 mode could not be detected in the visible regime in the CL 
measurements. To confirm this, CL spectra of 1-5 AuNPs series were measured with an 
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infrared detector. The averaged CL spectra show the gradual redshift of the super-radiant 
mode in the infrared when the particle number is increasing in the chain, see Figure 5.6. 
The CL signals from the single and dimer particles are not seen since single particle 
plasmon resonance peak was observed in the visible region and dimer AuNPs should 
also radiate in the visible region. Here slightly bigger AuNPs (~45nm) were used and 
the spacing could not be estimated due to the low-resolution SEM imaging. However, 
from the continuous large shift, one can interpret that particles are extremely close and 
they show rod-like behavior resulting from strong plasmon coupling over the particles 
or particles might be fused as it was the case in EELS. Although, the particles in SEM 
images seem to be fused, the particles were not initially fused, but high-dose imaging 
with the electron beam could initiate the fusing process. The fusing in the CL can be 
more drastic compared to the EELS, because of the very thick substrate and thus the 
electron beam interaction volume is much larger than that of the thin silicon nitride 
substrate. Moreover, fusing can happen both during imaging and measurement. 
5.3 Energy transfer through a plasmonic waveguide 
In order to facilitate experimental observation of SPs propagation through waveguides, 
a reporter particle is required as an emitter that SPs can couple to it. For this, organic 
fluorophores, quantum dots, and fluorescent beads were tested as reporter particles. 
However, their emission drastically changes and their corresponding spectra deviates 
due to the vacuum environment and high-energy electron beam irradiation. As these 
reporter particles are not sufficiently stable, nitrogen-vacancy (NV) color center 
fluorescent nanodiamonds (FNDs) were employed, since they are extremely 
photostable, bright and relatively invariant to the chemical and physical environments 
and are therefore the best option for electron microscopy studies.  
Since FNDs have excellent optical properties, they have been used for thriving 
applications in photonics [208], [209], including quantum computing [210], quantum 
information technology [211], quantum optics [212], coupling to plasmonic 
nanostructures [213]–[216], fluorescence nanoscopy [217], bioimaging and 
biosensing [218]. The NV center is a point defect formed in the diamond lattice by 
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substituting a nitrogen atom and adjacent lattice vacancy. NV centers exhibit neutral 
NV0 and negative NV– charged states, which have zero-phonon lines (ZPLs) of 575 nm 
and 637 nm, respectively [219].  
 
Figure 5.7 | Characterization of fluorescent nanodiamonds. (a) SEM micrograph of 
the FNDs. Scale bar, 500 nm. (b) Normalized CL spectrum of a single FND with ZPL 
for NV0 at 577 nm, inset SEM micrograph showing electron beam excitation location by 
the blue square. Scale bar, 100 nm. (c) Normalized PL emission spectra of FNDs 
solution on glass (red) and the silicon substrate (blue) with ZPL lines for NV0 at 577 nm 
and for NV– at 638 nm.  
First, the luminescence properties of FNDs were analyzed by CL spectroscopy and 
photoluminescence (PL) spectroscopy. Figure 5.7 shows CL spectrum of a single FND 
with a characteristic of ZPL peak at 577 nm for NV0 after electron beam excitation. The 
same CL result of FNDs was obtained as in previous reports [220], [221]. PL spectra 
were taken for FNDs solution on silicon and glass substrates after laser excitation. On 
both substrates, PL spectra show ZPLs at 577 nm and 637 nm for NV0 and NV–, 
respectively. 
Next, SP propagation through a waveguide which couples to a FND and detection of the 
FND’s emission were demonstrated, realizing nanoscale frequency conversion. Here in 
Figure 5.8, isolated complete and incomplete waveguides were combined with a single 
FND and CL measurements were performed. CL spectra were taken at electron beam 
excitation areas indicated by squares in corresponding colors in SEM micrographs. 
Since the transverse mode is dominant at 550 nm and FND emission is dominant at 600 
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nm, CL maps at the detection wavelength of 550 nm and 600 nm (± 10 nm) were 
spatially resolved. In complete waveguide with a FND system, SP propagation couples 
to NV0 center by exciting any position in the waveguides including particle number 8 
(furthest), which is about 350 nm away from FND. Lower CL signal was observed, when 
the electron beam is directly incident on the silicon.  
 
Figure 5.8 | Energy transfer through plasmonic waveguides. Cathodoluminescence 
(CL) spectra when illuminating waveguides adjacent to a fluorescent nanodiamond 
(FND). The CL spectra of the complete (a) and incomplete (e) waveguides taken at 
electron beam excitation locations indicated by squares in the corresponding colors in 
the SEM micrographs (b, f). The intensity of the FND emission under direct e-beam 
illumination (purple) is reduced 15-fold (a) or 6-fold (e) for clarity. Spatially resolved 
CL maps at the detection wavelengths of 550 nm (± 10 nm) (c, g) and 600 nm (± 10 nm) 
(d, h), show CL intensity as a function of electron beam excitation positions. Scale bars, 
100 nm. 
Since the excitation energy needs to be higher than the emission energy of the NV0 
center (shorter than 577 nm), only higher energy sub-modes (bright and dark) or 
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transverse mode are responsible for exciting the NV0 centers. The broad T mode 
observed by CL spectroscopy (see Figure 5.3) is energetically overlapping with the FND 
absorption at ~550 nm, which is necessary for an efficient energy transfer from the 
waveguide to the FND. Importantly, the energy propagation of SP modes is maximized 
at the transverse mode [100]. The L modes (L: 1, 2, 3…) in principle also allow the 
energy propagation when the waveguide is excited at one particle [197], but energies of 
the lower L modes (in the infrared) are too low to excite the FND.  
In the CL map at 600 nm, CL intensity variation with the electron beam excitation 
positions can clearly be seen even within individual particles, and the intensity decay is 
not proportional to the inverse square of the distance between electron beam excitation 
position and the FND. This variation pattern in CL map reveals that the high energy dark 
or bright modes couple to NV0 centers, not T mode alone. For example, particle number 
8 has higher CL intensity than particle number 4 or particle number 7 has almost the 
same intensity with particle number 3, see Figure 5.9.  
To confirm that actual SP modes are coupling to the FND and not random scattering 
effect, the incomplete waveguide with a FND was analyzed as a negative control in 
Figure 5.8e. In contrast to the complete waveguide, spectral differences between 
different electron beam excitation locations were observed. The first particle (closest to 
the FND), red spectrum, excites the FND and exhibits clear ZPL peak, the particle 
number 4 (blue spectrum) excitation still shows ZPL peak but the spectrum gets broader. 
This is due to the combination of transverse mode and less intense FND emission. There 
are possibly two reasons for this. First, the SP modes in 4-AuNP waveguide fragment 
have different energies than those of the 8-AuNP complete waveguide and these modes 
couple to the FND with lower efficiency. The second reason, since each FND is not 
identical, it can also be that the dipole NV center(s) of this FND is not aligned properly 
to the modes of the 4-AuNP fragment, resulting in lower CL signal.  
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Figure 5.9 | Cathodoluminescence intensity plot of the fluorescent nanodiamond at 
the wavelength of 576 nm (NV0) as a function of excitation position in the complete 
waveguide. CL plot shows the ~ four-fold intensity decay of the FND emission over the 
length of the waveguide (~350 nm) (a). A high-resolution SEM micrograph of the same 
waveguide with a FND (b), taken after the CL measurement, which confirms that the 
waveguide structure is still intact. The data are from Figure 5.8a. Scale bars, 100 nm. 
The ZPL peak in the CL spectrum was not observed anymore when exciting the residual 
AuNP dimer beyond the ~82 nm gap (Figure 5.8e). This might be due to the excitation 
of these 2-AuNP and 4-AuNP fragments modes with the electron beam is weaker than 
excitation of the complete waveguide modes. The broad CL spectrum of the dimer shows 
a peak maxima at ~570 nm. This can be either super-radiant mode (L1) of the dimer or 
combination of transverse mode and emission of the weakly coupled FND. The 
contribution from the FND is not clear here. There is also single isolated AuNP which 
is believed to have detached from the incomplete waveguide during sample preparation 
or drying process. This AuNP is ~230 nm away from the FND, and the emission 
spectrum (green) shows single particle resonance energy at ~560 nm, same energy which 
was observed for the single particle CL signal, see Figure 5.4a. 
Since there was no possibility to measure sequential CL spectra of the same waveguide 
structures with and without a FND (before and after combining with the FND), it could 
not be estimated which SP modes are exciting the FND from the experimental results, 
because FNDs emission dominates the overall spectra.  Therefore, the experimental 
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results in Figure 5.8 were modeled to investigate how the CL spectra look like without 
a FND.  
 
Figure 5.10 | Finite-difference time-domain simulations of normalized CL spectra of 
a complete and an incomplete waveguides without a fluorescent nanodiamond. 
Simulated CL spectra (a, d) are collected from the electron beam excitation locations 
are indicated by the squares in corresponding colors in modeled images (b, e). 
Simulated SEM micrographs (c, f) from experiments in Figure 5.8. Scale bars, 100 nm.  
Figure 5.10 depicts the FDTD simulations of complete and incomplete waveguides CL 
spectra, taken at the electron beam excitation positions indicated in the modeled image. 
Here it was assumed that there is no FND in the vicinity of the waveguides. For the 
complete waveguide, the similar results were obtained with slight deviations as it was 
seen in Figure 5.5. The slight differences come from particle orientation and different 
electron beam excitation locations. The T mode was observed at the same energy level 
around 557 nm, and higher order longitudinal sub-modes were observed at the ~750, 
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659, and 596 nm. Moreover, one small shoulder was detected at ~525 nm (especially 
when the middle particles were excited, indicated by blue spectrum, same in Figure 5.5), 
this might be even highest energy sub-mode that could be detected. As expected there is 
no significant CL signal, when electron beam excitation is on the silicon background, 
indicated by yellow spectrum.  
Since the CL intensity varies for each SP modes depending on electron beam excitation 
positions, this can explain why FND emission variations were observed at different 
particle excitations in Figure 5.9. One should also take into account that in CL 
spectroscopy only the bright modes can be detected. Higher energy dark modes, since 
they have very low radiative losses, might also be responsible for the FNDs emission 
and the contribution of the dark modes was indirectly observed from the emission of 
FNDs.  
For the incomplete waveguide simulation (Figure 5.10d), spectral differences compared 
to complete waveguides were observed. For example, T modes are at different energies 
for dimer (yellow) and tetramer AuNPs (blue and red) as expected. The bright mode at 
596 nm disappears for the dimer. Blue and red spectra vary for T and other sub-modes 
due to the orientation of particles in the chain. This can explain why blue spectrum gets 
broader even though it can excite the FND in Figure 5.8e. 
Further control experiments were performed with free AuNPs in the vicinity of FNDs. 
In Figure 5.11, the CL spectra of the single isolated AuNPs with a FND with emitter-to-
particle gaps of ~85 nm (a) and ~160 nm (e) shows spectrum (blue) with a maximum at 
563 nm and 555 nm, respectively. They show the same spectrum with plasmon 
resonance of single AuNP without a FND around it (in Figure 5.4a). The CL maps also 
reveal the same indications, at 550 nm AuNPs have higher CL intensities than FNDs, 
and at 600 nm FNDs have higher intensities than AuNPs. These results clearly conclude 
that no coupling to the FND takes place if a AuNP is ≥ ~85 nm away from the FND.  
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Figure 5.11 | Cathodoluminescence imaging spectroscopy measurements of single 
gold nanoparticles adjacent to a fluorescent nanodiamond. CL spectra where the 
emitter-to-particle gaps are ~85 nm (a) and ~160 nm (e), and where five particles are 
scattered around a FND with distances between 0-85 nm (i). The spectra are taken at 
electron beam excitation locations indicated by squares in corresponding colors in the 
SEM micrographs (b, f, and j). The intensity of the FND spectra (purple) is reduced by 
3-fold (e) and 12-fold (i) for clarity. Spatially resolved CL maps at the detection 
wavelength of 550 nm (± 10 nm) (c, g, k) and 600 nm (± 10 nm) (d, h, l), showing CL 
intensity as a function of electron beam excitation positions (in pixels). Scale bars, 
100 nm. 
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Figure 5.11c shows CL spectral and spatial analysis of five single particles randomly 
distributed in the vicinity of a FND with distances between 0-85 nm. The purple 
spectrum is taken from the AuNP on the FND and shows the highest intensity of FND 
emission, the red spectrum is taken from the AuNP sitting next to the FND without 
spacing, the other three AuNPs with the distance of 45, 50 and 85 nm far. The CL 
intensity of NV0 is gradually decreases when the inter-particle distance is increasing. 
The spectra are blue shifted when the distance between AuNPs and FND is increasing, 
hence the spectrum is approaching the single particle resonance energy. The results 
reveal that single AuNP needs to be close enough (at least a few 10 nm) to the FND for 
efficient excitation of the FND.  
5.4 Comparison between CL and EELS results 
It is important to understand the differences and similarities between CL and EELS 
measurements. The EELS measurements deal with the “extinction” properties of a 
plasmonic structure, i.e. sum of absorption and scattering. However, CL measures 
radiative losses, thus deals with only scattering properties. In this thesis, the absolute 
values of CL and EELS in the figures were not compared, since the system responses, 
currents, integration times, etc. of the two measurements are different. The results 
presented in figures have been normalized, so one can only compare the spectral shapes. 
Furthermore, the differences between CL and EELS spectra come from employing 
different substrates, specifically thick silicon substrate for the CL measurements, which 
has a refractive index of approximately n ≈ 3.5 [222] and thin silicon nitride for the 
EELS measurements, which has a refractive index of approximately n ≈ 2.1 [223]. 
5.5 Concluding remarks  
In this chapter, single AuNPs, complete and incomplete waveguide systems with and 
without FNDs were investigated both in experiments and simulations. The SPs modes 
and coupling to the FND were analyzed by cathodoluminescence imaging spectroscopy. 
The results reveal that the efficient coupling of SPs modes to the FND could be seen in 
uninterrupted AuNPs chain (complete waveguide) and this is dependent on electron 
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beam excitation location resulting in exciting different sub-modes which are responsible 
to the FND emission. In contrast, incomplete waveguides and isolated single AuNPs are 
not able to efficiently excite the FND. Effective coupling from a AuNP to a FND is only 
possible through gaps smaller than a few 10 nm. The waveguide system presented here 
can confine different energies at nanoscale volume with SP modes and can be used as a 
nanoscale light source for the applications from the sensing to energy transport at the 
nanoscale.  
5.6 Materials and Methods 
Waveguide assembly. CTAC capped ~42 nm and ~45 nm AuNPs were synthesized and 
functionalized as described in chapter 4. The same complete and incomplete 6-HBs 
designs were used and the waveguides were assembled and purified as in chapter 4.  
CL sample preparation. Silicon wafer pieces were used as substrates and were plasma 
treated for 10 min. Next, 20 µL poly-L-ornithine solution (0.01%) was applied and 
incubated for 30 s. The substrate was then rinsed with ultrapure water. After removing 
the excess solution with a filter paper, 10 µL of waveguide sample solution was applied 
and incubated for 2 min. After that, the substrate was dried with a compressed air flow. 
For the waveguides with FNDs samples, after the waveguide deposition on the substrate, 
10 µL of FND solution (FND in DI ultrapure water, high brightness 3.0 ppm NV, 
0.1 wt%, 100 nm average particle size, Adámas Nanotechnologies) was applied and 
incubated for 2 min. Finally, the substrate was dried with a flow of compressed air. 
CL measurements and analysis. The CL measurements were performed using a 
Tescan-SEM Delmic-CL setup. A focused 30 keV electron beam was scanned across 
the samples, which served as a nanoscale broadband source. The energetic electron beam 
induced an effective dipole that excited the nanostructures, with the resulting far-field 
emission collected by a parabolic mirror and directed into a spectrometer. The electron 
beam was scanned across the sample with a ~15 nm pixel size, 1.12 nA current and a 10 
µs dwell time. Exposure times ranged between 200 and 300 ms. To remove background 
CL signal originating from the silicon, reference measurements, taken from the exposed 
substrate, were subtracted.  
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The spectra were normalized, taking into account the spectral sensitivity of the system, 
and averaged over three pixels unless otherwise stated. Spectral filtering was carried out 
with a Savitzky-Golay function in MATLAB.  
FDTD simulation.  A commercial-grade simulator based on the finite-difference time-
domain method was used to perform the calculations (Lumerical Inc., Version 
8.16.1022) [224]. For the broadband and single mode excitation, a dipole source was 
used for the specific wavelength range (short pulse length of 3 fs) and single wavelength 
(long pulse length between 14 fs and 20 fs), respectively. The electron beam is 
represented by a series of dipoles with a phase delay that is related to the electron 
velocity. An electron velocity with 20% of the speed of light and a dipole spacing of 
15 nm was used. As boundary conditions, perfectly matched layers were used in all 
principal directions. Nanoparticle diameters, inter particle distance and materials 
constants were obtained from experimental studies. For the simulation 
(λ = 400…1000 nm), the FDTD software approximates the refractive index indices of 
the materials by using a polynomial function. All optical constants were estimated by 
curve-fitting with a root mean square error below 0.21. For gold, the experimental data 
by Johnson and Christy [202] were used. A silicon layer with refractive index data from 
Palik [225] was used as a substrate. Zero-conformal-variant mesh refinement and an 
isotropic mesh overwrite region of 1 nm were used. All simulations reached the auto 
shut-off level of 10−5 before reaching 150 fs of simulation time. 
PL measurements. For photoluminescence studies, the FND solution (Adámas ND-
NV-100nm) was diluted in ultrapure water to a concentration of 0.2 mg/mL. A 20 µL of 
the diluted FND solution was then drop cast onto the glass and silicon substrates. The 
PL measurements were performed on an inverted microscope equipped with a 
spectrometer (Ocean Op-tics, QE Pro). A 532 nm excitation wavelength from a Fianium 
super-continuum laser was chosen. The laser beam was focused onto an FND using an 
Olympus 100x 0.9NA microscope objective. The photoluminescence signal was then 
collected via the same objective. Several filters (Thorlabs DMLP 567 and FELH 550) 
were used in order to prevent any contribution from the excitation light to the collected 
signal. 
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6 CONCLUSION AND OUTLOOK 
In conclusion, this thesis has been concerned with the direct observation of energy 
transfer through a self-assembled plasmonic waveguide for the use of short-distance 
high-speed optical communication in the integrated optoelectronics. Experimental 
techniques EELS and CL have been used to study coupled surface plasmon modes and 
to detect energy propagation through eight AuNPs over a distance of 350 nm to a FND. 
With this, nanoscale energy conversion has been realized and the self-assembled 
waveguide has been used as a nanoscale light source to excite the FND. Sub-50 nm 
electromagnetic field confinement has been demonstrated which is not achievable with 
stripe and silicon waveguides. The critical factors for the effective waveguiding are 
highly monodispersed and monocrystalline metal nanoparticles, close inter-particle 
spacing down to 1-2 nm. These are not possible by top-down methods and these have 
been achieved by DNA origami templated self-assembly method. The combination of 
finely controlled, highly scalable self-assembly method (DNA origami), multi-particle 
based plasmonic systems with closest inter-particle spacing (1-2 nm) and near-field 
spectroscopy techniques, for the first time, has been realized in this thesis.  
Specifically, in chapter 3 the assembly yield and AuNP binding occupancy have been 
investigated as a function of parameters including the ionic strength, stoichiometric 
ratio, oligonucleotide linker chemistry, and the assembly kinetics by analyzing electron 
micrographs with an automated image analysis tool. A binding occupancy of up to 
98.7% has been achieved with the optimized assembly protocol, which the enabled 
robust and reliable production of the waveguides. An attachment of AuNPs with 
selectable sizes in the range between 17 and 60 nm has been shown. Furthermore, 
heterogeneous assemblies have been realized by attaching Qdots to the waveguides and 
monomer waveguides have been interconnected by designing interfaces on the 6-HB 
DNA origami nanotubes. The length of the waveguide has been extended up to 1.2 
micron. 
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In chapter 4, the coupled SP modes that support waveguiding have been systematically 
studied in both complete and incomplete waveguides by EELS. The nature and 
distribution of the SP modes have been spatially resolved in the experiments and shown 
to be in excellent agreement with simulated EELS results. The effect of the inter-particle 
spacing over the SP coupling has been investigated by finely tuning the inter-particle 
spacing with an increasing particle diameter at a constant distance between binding sites. 
High-resolution energy mapping of the waveguide assemblies by the spectral and spatial 
EELS probing have shown multiple coupled bright and dark SP modes which range from 
the visible to infrared spectral regions.  
In chapter 5, the luminescence properties of single AuNPs, complete and incomplete 
waveguide systems with and without FNDs have been studied by cathodoluminescence 
imaging spectroscopy. The energy propagation through a waveguide to the FND has 
been experimentally shown. The results have revealed that the efficient coupling of SPs 
modes to the FND could be seen in the complete waveguide, while incomplete 
waveguides and isolated single AuNPs are not able to efficiently excite the FND. The 
self-assembled waveguide presented in this thesis can confine the energy at different 
frequencies to nanoscale volume with SP modes and can be used as a nanoscale light 
source for the applications from sensing to energy transport at the nanoscale. 
6.1 Outlook 
In this thesis, it was not possible to directly attach FNDs to the waveguides. FNDs can 
be functionalized with orthogonal oligonucleotides and can be attached to the terminal 
position on the 6-HBs by introducing a specific binding site, as it has been shown for 
the attachment of Qdots in chapter 3. A principle for the attachment of FNDs to the DNA 
origami structure is already reported by Zhang et al. [80]. Second, the distorted 
arrangement of particles in the waveguide structure can be straightened into a more 
linear alignment. For this, a more compact and stiffer DNA origami structure can be 
designed and monomeric units could be combined to extend for longer waveguides, as 
the principle of multimerization has already been demonstrated in chapter 3. Other 
shapes including rods or cubes and other materials including silver or core-shell 
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nanoparticles could be assembled to increase the SP coupling efficiency, and or tune SP 
modes to different frequencies. Since the FNDs are extremely stable and best option for 
both electron and optical microscopes, FND-AuNP hybrid structures can be used as a 
molecular barcode for immunolabeling of cells and tissues by correlative light-electron 
microscopy (CLEM) method [226]. Finally, potentially self-assembled waveguides 
presented in this thesis can be precisely positioned and arrayed on silicon wafers [227], 
[228] and mica surfaces [229] for the integrated optics. 
From a theoretical point-of-view, the contribution of different SP modes to the 
waveguiding can be quantified by electromagnetic modeling. The waveguiding 
performance and damping factor can be determined by electric field calculations and 
surface charge calculations. The bright and dark SP modes can be precisely assigned by 
nature of the SP modes and surface charge distributions. The preliminary results have 
revealed that the damping factor is around ~3 dB/50 nm, and L2 and L3 sub-modes are 
the main contributors to the waveguiding. These results shall be included in a manuscript 
which is currently in preparation, Gür et al. “Self-assembled plasmonic waveguides for 
nanoscale light propagation”. 
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APPENDIX 
A.1 Additional electron micrographs 
 
Figure A.1 | tSEM micrograph of the commercial (from Alfa-Aesar) 40 nm gold 
nanoparticles with broad size distribution. 
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Figure A.2 | tSEM micrograph of the waveguides with two type of quantum dots 
attached at the terminal positions. tSEM micrographs of (a) 4 x 56 nm AuNP and (b) 8 
x 28 nm AuNP waveguide structures with donor and acceptor Qdots attached at the 
terminal positions. Green and red arrows indicate donor and acceptor Qdots, 
respectively. Scale bar, 100 nm. 
 
Figure A.3 | Multimerization of the waveguides with larger AuNPs. tSEM micrograph 
of the monomer (a), dimer (b) and trimer (c) waveguides with ~45 nm AuNPs. Scale bar 
500 nm. 
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A.2 Matlab script for automated image analysis 
1. % TEM_ana_v2 
2. %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%% 
3. % Copyright 2015/02/26   
4. % Revision: 2 
5. % Written by Friedrich Schwarz 
6. % 
7. % FUNKTION 
8. % Finding end evaluation of Gold particles attached to DNA origami 
structure 
9. %  
10. % Open a TEM image 
11. % 
12. % 
13. % USING THIS SCRIPT: 
14. % NOTES 
15. %  
16. % 
17. % REQUIRED INPUTS - 
18. % TEM image and setting in put see pop up. 
19. % Last Modified by v2.0 17-March-2015 09:05:05 
20. % Start Script 
21. %% 
22. clear all 
23. close all 
24. % Open images  
25. %  
26. % Add bin path to matlab folder 
27. if ~isdeployed 
28. addpath('bin'); 
29. end  
30. disp('Open Image') 
31. % Set path dir via standard GUI interface 
32. [FileName, PathName] = uigetfile2('*.stk;*.zvi;*.tif;*.tiff','Image 
Stacks'); 
33. fullpath = fullfile(PathName,FileName); % Erzeuge full path adress 
34. Gernal_output = [PathName,FileName(1:end-4)]; 
35. %Img = StackRead(fullpath); 
36. Img = imread(fullpath); 
37. % Auto determination of Image cut of 
38. if size(Img,1)<2000 
39. cutoffY=1024; 
40. else 
41. cutoffY=2048;     
42. end 
43. % 2.694915254, 1.926, 1.694915254, 1.347  
44. % variables 
45. prompt = {'Pixel size','Event threshold for binary image:', ... 
46. 'Cluster filter Area BinRadius (nm)',... 
47. 'Object numer min max', 'B(1) or W(0) Imag', 'Img cut off', 'Boundery 
offset px'}; 
48. answer=inputdlg(prompt,'Set variables',1,{'5.412','15000','40', '0 25', 
'0', num2str(cutoffY), '5'}); 
49. data.pixelsize=str2num(answer{1}); % pixel size for 2d histogram 
binning 
50. data.thresholdValue =str2num(answer{2}); % morphological structuring 
area for His filter 
51. data.cluthr = ceil(str2num(answer{3})/data.pixelsize); 
52. plotsize=str2num(answer{4}); 
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53. data.clust_thr = str2num(answer{4}); 
54. data.BW = str2num(answer{5}); 
55. data.cutoffY = str2num(answer{6}); 
56. data.cutB = str2num(answer{7}); 
57. clear cutoffY 
58. radius = data.cluthr*data.pixelsize; 
59. disp([num2str(radius) ' Cluster radius in nm']); 
60. Img = imread(fullpath); 
61. % Auto determination of Image cut of 
62. if size(Img,1)<  2000 
63. data.cutoffY=1024; 
64. else 
65. data.cutoffY=2048;     
66. end 
67. %crope image 
68. data.Img = Img(1:data.cutoffY, 1:end); 
69. %% Start ana 
70. % find Threshold   
71. % create a binary image  
72. if data.BW==1 
73. data.binaryImage = data.Img > data.thresholdValue; 
74. else 
75. %data.Img = abs(data.Img-2^16)     
76. data.binaryImage = data.Img < data.thresholdValue; 
77. end  
78. %data.binaryImage = imfill(data.binaryImage, 'holes'); 
79. %data.binaryImage = bwmorph(data.binaryImage,'clean'); 
80. %data.binaryImage = bwmorph(data.binaryImage,'majority'); 
81. data.labeledImage = bwlabel(data.binaryImage, 8);     % Label each blob 
so we can make measurements of it 
82. coloredLabels = label2rgb (data.labeledImage, 'hsv', 'k', 'shuffle'); % 
pseudo random color labels 
83. % Get all the blob properties.  Can only pass in data.Img in version 
R2008a and later. 
84. data.blobMeasurements = regionprops(data.labeledImage, data.Img, 
'all');    
85. data.numberOfBlobs = size(data.blobMeasurements, 1); 
86. % bwboundaries() returns a cell array, where each cell contains the 
row/column coordinates for an object in the image. 
87. % Plot the borders of all the coins on the original grayscale image 
using the coordinates returned by bwboundaries. 
88. data.boundaries = bwboundaries(data.binaryImage);    
89. data.numberOfBoundaries = size(data.boundaries); 
90. % fprintf(1,'Blob #      Mean Intensity  Area   Perimeter    Centroid       
Diameter\n'); 
91. % Loop over all blobs printing their measurements to the command 
window. 
92. for k = 1 : data.numberOfBlobs           % Loop through all blobs. 
93. % Find the mean of each blob.  (R2008a has a better way where you can 
pass the original image 
94. % directly into regionprops.  The way below works for all versions 
including earlier versions.) 
95. thisBlobsPixels = data.blobMeasurements(k).PixelIdxList;  % Get list of 
pixels in current blob. 
96. data.meanInt(k,1) =  mean(data.Img(thisBlobsPixels)); % Find mean 
intensity (in original image!) 
97. data.meanInt(k,2) =  std(double(data.Img(thisBlobsPixels)));      
98. data.ind(k,1)=k; 
99. data.blobArea(k,1) = data.blobMeasurements(k,1).Area;       % Get area. 
100. data.blobPerimeter(k,1) = data.blobMeasurements(k,1).Perimeter;     
% Get perimeter. 
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101. data.blobCentroid(k,1:2) = data.blobMeasurements(k,1).Centroid;     
% Get centroid. 
102. data.blobECD(k,1) = sqrt(4 * data.blobArea(k,1) / pi);                  
% Compute ECD - Equivalent Circular Diameter. 
103. %     fprintf(1,'#%2d %17.1f %11.1f %8.1f %8.1f %8.1f % 8.1f\n', 
k, data.meanGL, data.blobArea, data.blobPerimeter, data.blobCentroid, 
data.blobECD(k)); 
104. %   % Put the "blob number" labels on the "boundaries" grayscale 
image. 
105. %   text(blobCentroid(1) + labelShiftX, blobCentroid(2), 
num2str(k), 'FontSize', fontSize, 'FontWeight', 'Bold'); 
106. end 
107. Ana.MeanDotradius(1,1) = mean(data.blobECD)*data.pixelsize; 
108. Ana.MedianDotradius(1,1) = median(data.blobECD); 
109. Ana.MeanDotradius(1,2) = std(data.blobECD)*data.pixelsize; 
110. % filter out to smal objects 
111. data.ndot_trash=zeros(data.numberOfBlobs,1);  
112. data.ndot_trash = (  (data.blobArea > 0) &... 
113. (data.blobArea < 150)) ; 
114. disp([num2str(Ana.MeanDotradius) ' Object radius']); 
115. % Create binary image from particle 
116. x = data.blobCentroid(data.ndot_trash,1); 
117. y = data.blobCentroid(data.ndot_trash,2);  
118. edges{1}=1:1:size(data.Img,1); 
119. edges{2}=1:1:size(data.Img,2); 
120. data.HistogramImage=hist3([y x],'Edges',edges); 
121. data.binaryImage2 = data.HistogramImage > 0; 
122. %% Auto finder 
123. %se=strel('octagon',data.cluthr); %Create morphological 
structuring element 
124. se=strel('disk',data.cluthr,0); 
125. % clear singel pixel trahole spots 
126. Cluster_bin=imdilate(data.binaryImage2,se); % dilate image 
127. clustmap=bwlabel(Cluster_bin,8); % identify cluster 
128. clustmap_coloredLabels = label2rgb (clustmap, 'hsv', 'k', 
'shuffle'); 
129. Ana.nclust=max(clustmap(:)); 
130. disp([num2str(Ana.nclust) ' cluster found']); 
131. Cluster_boundaries = bwboundaries(Cluster_bin);  
132. Cluster_numberOfBoundaries = size(Cluster_boundaries);                     
133. nclust_trash=zeros(Ana.nclust,1);  
134. nclust_trash_Bound=zeros(Ana.nclust,1);  
135. % Filter out boxes with touch bounderies                     
136. for k = 1 : Ana.nclust 
137. if (((min(Cluster_boundaries{k}(:,1))>data.cutB) &&... 
138. (min(Cluster_boundaries{k}(:,2))>data.cutB) &&...  
139. (max(Cluster_boundaries{k}(:,1)))<(size(data.Img,1)-data.cutB) 
&&... 
140. (max(Cluster_boundaries{k}(:,2)))<(size(data.Img,2)-data.cutB) 
... 
141. ) == 0); 
142. nclust_trash(k,1) = 1; 
143. nclust_trash_Bound(k,1) = 1; 
144. end 
145. end  
146. disp([num2str(sum(nclust_trash_Bound)) 'Trash boundaries']); 
147. %% Determin partical numbers and cluster elements 
148. h1=figure; 
149. %Manuel selection via giput 
150. clf 
151. imagesc(data.Img); 
152. hold on; 
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153. %set(gcf,'units','normalized','outerposition',[0 0 1 1]) 
154. title('Outlines, from bwboundaries()'); axis image; 
155. colormap('Gray') 
156. Ana.Clust_ind = cell(Ana.nclust,1); 
157. for k=1:Ana.nclust 
158. if nclust_trash_Bound(k)==1 
159. continue 
160. end     
161. cx = [Cluster_boundaries{k}(:,2)' Cluster_boundaries{k}(1,2)]'; 
162. cy = [Cluster_boundaries{k}(:,1)' Cluster_boundaries{k}(1,1)]';  
163. Ana.Clust_ind{k}(:,1) = inpolygon(x, y, cx, cy); 
164. Ana.num_particels(1,k)= sum(Ana.Clust_ind{k}(:,1));     
165. plot(cx, cy, 'r', 'LineWidth', 2);  
166. text(cx(1),cy(1),num2str(k),'Color',[0 0 0]) 
167. end  
168. scatter(data.blobCentroid(:,1),data.blobCentroid(:,2),'k.'); 
169. scatter(data.blobCentroid(data.ndot_trash,1),data.blobCentroid(d
ata.ndot_trash,2),'b.'); 
170. %% Filter for cluster elements 
171. % filter cluster with all three colors 
172. for k=1:Ana.nclust 
173. if nclust_trash_Bound(k)==1 
174. continue 
175. end      
176. if Ana.num_particels(1,k)<=data.clust_thr(1) || 
Ana.num_particels(1,k)>=data.clust_thr(2)  
177. nclust_trash(k,1)=1; 
178. end 
179. end 
180. disp([num2str(Ana.nclust-sum(nclust_trash)) ' After filter']); 
181. %% Fin eva cluster 
182. for k=1:Ana.nclust 
183. if nclust_trash(k)==1 
184. continue 
185. end 
186. clust_ind = Ana.Clust_ind{k}(:,1); 
187. dx = plotsize; 
188. % Sort data 
189. A=[]; 
190. A(:,1)=[1:1:Ana.num_particels(1,k)]; 
191. A(:,2)=find(clust_ind); 
192. A(:,3)=(x(clust_ind)); 
193. A(:,4)=(y(clust_ind)); 
194. % pre sorting 
195. xsum = sum(diff(A(:,3))); 
196. ysum = sum(diff(A(:,4))); 
197. if xsum >= ysum 
198. A= sortrows(A,3); 
199. else 
200. A= sortrows(A,4); 
201. end 
202. %fin sorting 
203. % find start point 
204. loopN = size(A,1); 
205. if find(A(:,3)== min(A(:,3)),1)== find(A(:,4)== min(A(:,4)),1) % 
min start point 
206. Sort = find(A(:,3)== min(A(:,3)),1); 
207. elseif find(A(:,3)== max(A(:,3)),1)== find(A(:,4)== 
max(A(:,4)),1)% max start point 
208. Sort = find(A(:,3)== max(A(:,3)),1);% max start point 
209. elseif find(A(:,3)== max(A(:,3)),1)== find(A(:,4)== 
min(A(:,4)),1) 
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210. Sort = find(A(:,3)== max(A(:,3)),1);% max x miny start point 
211. else  
212. Sort = 1; 
213. end 
214. B(1,:) = A(Sort,:); 
215. xi=A(Sort,3); 
216. yi=A(Sort,4); 
217. A(Sort,:)=[] ;  
218. % sort the rest 
219. for i= 2:loopN      
220. Sort = knnsearch([A(:,3),A(:,4)],[xi,yi],'k',1,'distance', 
'euclidean'); 
221. B(i,:) = A(Sort,:); 
222. xi=A(Sort,3); 
223. yi=A(Sort,4); 
224. A(Sort,:)=[]; 
225. end 
226. A = B; 
227. clear xi yi B loopN 
228. % 
229. A(:,1)=[1:1:Ana.num_particels(1,k)]; 
230. Ana.dist{k} = sqrt((A(2:end,3)-A(1:end-1,3)).^2+(A(2:end,4)-
A(1:end-1,4)).^2).*data.pixelsize; 
231. Ana.lenght(1,k) = sum(Ana.dist{1,k}(:,1)); 
232. Ana.endtwoend(1,k)= sqrt((A(end,3)-A(1,3)).^2+(A(end,4)-
A(1,4)).^2).*data.pixelsize; 
233. Ana.meandist(1,k)= mean(Ana.dist{1,k}(:,1));  
234. cx = [Cluster_boundaries{k}(:,2)' Cluster_boundaries{k}(1,2)]'; 
235. cy = [Cluster_boundaries{k}(:,1)' Cluster_boundaries{k}(1,1)]';  
236. Ana.Clust_ind{k}(:,1) = inpolygon(x, y, cx, cy); 
237. Ana.num_particels(1,k)= sum(Ana.Clust_ind{k}(:,1));     
238. plot(cx, cy, 'g', 'LineWidth', 2);         
239. end 
240. %% Statistic Value,  percent 
241. Ana.end2endM = mean(Ana.endtwoend(1,Ana.endtwoend>0)); 
242. Ana.Meanmeandist= mean(Ana.meandist(1,Ana.endtwoend>0)); 
243. Ana.Mlenght = mean(Ana.lenght(1,Ana.endtwoend>0)); 
244. Filename_png = [Gernal_output '_Overview_' 'CluAuto' 
num2str(data.cluthr) '.png']; 
245. print(h1, Filename_png, '-dpng') 
246. clear Img  
247. %% Save stuff 
248. myFileOut = [Gernal_output, '_ANA_auto' answer{3} '.mat']; 
249. save(myFileOut) 
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A.3 List of staple strands 
A.3.1 The consensus sequence for all common M13-derived clones 
GCTTGGCACTGGCCGTCGTTTTACAACGTCGTGACTGGGAAAACCCTGGCGTTACCCAACTTAATCGCCTTGCAGCA
CATCCCCCTTTCGCCAGCTGGCGTAATAGCGAAGAGGCCCGCACCGATCGCCCTTCCCAACAGTTGCGCAGCCTGAA
TGGCGAATGGCGCTTTGCCTGGTTTCCGGCACCAGAAGCGGTGCCGGAAAGCTGGCTGGAGTGCGATCTTCCTGAGG
CCGATACTGTCGTCGTCCCCTCAAACTGGCAGATGCACGGTTACGATGCGCCCATCTACACCAACGTGACCTATCCC
ATTACGGTCAATCCGCCGTTTGTTCCCACGGAGAATCCGACGGGTTGTTACTCGCTCACATTTAATGTTGATGAAAG
CTGGCTACAGGAAGGCCAGACGCGAATTATTTTTGATGGCGTTCCTATTGGTTAAAAAATGAGCTGATTTAACAAAA
ATTTAATGCGAATTTTAACAAAATATTAACGTTTACAATTTAAATATTTGCTTATACAATCTTCCTGTTTTTGGGGC
TTTTCTGATTATCAACCGGGGTACATATGATTGACATGCTAGTTTTACGATTACCGTTCATCGATTCTCTTGTTTGC
TCCAGACTCTCAGGCAATGACCTGATAGCCTTTGTAGATCTCTCAAAAATAGCTACCCTCTCCGGCATTAATTTATC
AGCTAGAACGGTTGAATATCATATTGATGGTGATTTGACTGTCTCCGGCCTTTCTCACCCTTTTGAATCTTTACCTA
CACATTACTCAGGCATTGCATTTAAAATATATGAGGGTTCTAAAAATTTTTATCCTTGCGTTGAAATAAAGGCTTCT
CCCGCAAAAGTATTACAGGGTCATAATGTTTTTGGTACAACCGATTTAGCTTTATGCTCTGAGGCTTTATTGCTTAA
TTTTGCTAATTCTTTGCCTTGCCTGTATGATTTATTGGATGTTAATGCTACTACTATTAGTAGAATTGATGCCACCT
TTTCAGCTCGCGCCCCAAATGAAAATATAGCTAAACAGGTTATTGACCATTTGCGAAATGTATCTAATGGTCAAACT
AAATCTACTCGTTCGCAGAATTGGGAATCAACTGTTATATGGAATGAAACTTCCAGACACCGTACTTTAGTTGCATA
TTTAAAACATGTTGAGCTACAGCATTATATTCAGCAATTAAGCTCTAAGCCATCCGCAAAAATGACCTCTTATCAAA
AGGAGCAATTAAAGGTACTCTCTAATCCTGACCTGTTGGAGTTTGCTTCCGGTCTGGTTCGCTTTGAAGCTCGAATT
AAAACGCGATATTTGAAGTCTTTCGGGCTTCCTCTTAATCTTTTTGATGCAATCCGCTTTGCTTCTGACTATAATAG
TCAGGGTAAAGACCTGATTTTTGATTTATGGTCATTCTCGTTTTCTGAACTGTTTAAAGCATTTGAGGGGGATTCAA
TGAATATTTATGACGATTCCGCAGTATTGGACGCTATCCAGTCTAAACATTTTACTATTACCCCCTCTGGCAAAACT
TCTTTTGCAAAAGCCTCTCGCTATTTTGGTTTTTATCGTCGTCTGGTAAACGAGGGTTATGATAGTGTTGCTCTTAC
TATGCCTCGTAATTCCTTTTGGCGTTATGTATCTGCATTAGTTGAATGTGGTATTCCTAAATCTCAACTGATGAATC
TTTCTACCTGTAATAATGTTGTTCCGTTAGTTCGTTTTATTAACGTAGATTTTTCTTCCCAACGTCCTGACTGGTAT
AATGAGCCAGTTCTTAAAATCGCATAAGGTAATTCACAATGATTAAAGTTGAAATTAAACCATCTCAAGCCCAATTT
ACTACTCGTTCTGGTGTTTCTCGTCAGGGCAAGCCTTATTCACTGAATGAGCAGCTTTGTTACGTTGATTTGGGTAA
TGAATATCCGGTTCTTGTCAAGATTACTCTTGATGAAGGTCAGCCAGCCTATGCGCCTGGTCTGTACACCGTTCATC
TGTCCTCTTTCAAAGTTGGTCAGTTCGGTTCCCTTATGATTGACCGTCTGCGCCTCGTTCCGGCTAAGTAACATGGA
GCAGGTCGCGGATTTCGACACAATTTATCAGGCGATGATACAAATCTCCGTTGTACTTTGTTTCGCGCTTGGTATAA
TCGCTGGGGGTCAAAGATGAGTGTTTTAGTGTATTCTTTTGCCTCTTTCGTTTTAGGTTGGTGCCTTCGTAGTGGCA
TTACGTATTTTACCCGTTTAATGGAAACTTCCTCATGAAAAAGTCTTTAGTCCTCAAAGCCTCTGTAGCCGTTGCTA
CCCTCGTTCCGATGCTGTCTTTCGCTGCTGAGGGTGACGATCCCGCAAAAGCGGCCTTTAACTCCCTGCAAGCCTCA
GCGACCGAATATATCGGTTATGCGTGGGCGATGGTTGTTGTCATTGTCGGCGCAACTATCGGTATCAAGCTGTTTAA
GAAATTCACCTCGAAAGCAAGCTGATAAACCGATACAATTAAAGGCTCCTTTTGGAGCCTTTTTTTTGGAGATTTTC
AACGTGAAAAAATTATTATTCGCAATTCCTTTAGTTGTTCCTTTCTATTCTCACTCCGCTGAAACTGTTGAAAGTTG
TTTAGCAAAATCCCATACAGAAAATTCATTTACTAACGTCTGGAAAGACGACAAAACTTTAGATCGTTACGCTAACT
ATGAGGGCTGTCTGTGGAATGCTACAGGCGTTGTAGTTTGTACTGGTGACGAAACTCAGTGTTACGGTACATGGGTT
CCTATTGGGCTTGCTATCCCTGAAAATGAGGGTGGTGGCTCTGAGGGTGGCGGTTCTGAGGGTGGCGGTTCTGAGGG
TGGCGGTACTAAACCTCCTGAGTACGGTGATACACCTATTCCGGGCTATACTTATATCAACCCTCTCGACGGCACTT
ATCCGCCTGGTACTGAGCAAAACCCCGCTAATCCTAATCCTTCTCTTGAGGAGTCTCAGCCTCTTAATACTTTCATG
TTTCAGAATAATAGGTTCCGAAATAGGCAGGGGGCATTAACTGTTTATACGGGCACTGTTACTCAAGGCACTGACCC
CGTTAAAACTTATTACCAGTACACTCCTGTATCATCAAAAGCCATGTATGACGCTTACTGGAACGGTAAATTCAGAG
ACTGCGCTTTCCATTCTGGCTTTAATGAGGATTTATTTGTTTGTGAATATCAAGGCCAATCGTCTGACCTGCCTCAA
CCTCCTGTCAATGCTGGCGGCGGCTCTGGTGGTGGTTCTGGTGGCGGCTCTGAGGGTGGTGGCTCTGAGGGTGGCGG
TTCTGAGGGTGGCGGCTCTGAGGGAGGCGGTTCCGGTGGTGGCTCTGGTTCCGGTGATTTTGATTATGAAAAGATGG
CAAACGCTAATAAGGGGGCTATGACCGAAAATGCCGATGAAAACGCGCTACAGTCTGACGCTAAAGGCAAACTTGAT
TCTGTCGCTACTGATTACGGTGCTGCTATCGATGGTTTCATTGGTGACGTTTCCGGCCTTGCTAATGGTAATGGTGC
TACTGGTGATTTTGCTGGCTCTAATTCCCAAATGGCTCAAGTCGGTGACGGTGATAATTCACCTTTAATGAATAATT
TCCGTCAATATTTACCTTCCCTCCCTCAATCGGTTGAATGTCGCCCTTTTGTCTTTGGCGCTGGTAAACCATATGAA
TTTTCTATTGATTGTGACAAAATAAACTTATTCCGTGGTGTCTTTGCGTTTCTTTTATATGTTGCCACCTTTATGTA
TGTATTTTCTACGTTTGCTAACATACTGCGTAATAAGGAGTCTTAATCATGCCAGTTCTTTTGGGTATTCCGTTATT
ATTGCGTTTCCTCGGTTTCCTTCTGGTAACTTTGTTCGGCTATCTGCTTACTTTTCTTAAAAAGGGCTTCGGTAAGA
TAGCTATTGCTATTTCATTGTTTCTTGCTCTTATTATTGGGCTTAACTCAATTCTTGTGGGTTATCTCTCTGATATT
AGCGCTCAATTACCCTCTGACTTTGTTCAGGGTGTTCAGTTAATTCTCCCGTCTAATGCGCTTCCCTGTTTTTATGT
TATTCTCTCTGTAAAGGCTGCTATTTTCATTTTTGACGTTAAACAAAAAATCGTTTCTTATTTGGATTGGGATAAAT
AATATGGCTGTTTATTTTGTAACTGGCAAATTAGGCTCTGGAAAGACGCTCGTTAGCGTTGGTAAGATTCAGGATAA
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AATTGTAGCTGGGTGCAAAATAGCAACTAATCTTGATTTAAGGCTTCAAAACCTCCCGCAAGTCGGGAGGTTCGCTA
AAACGCCTCGCGTTCTTAGAATACCGGATAAGCCTTCTATATCTGATTTGCTTGCTATTGGGCGCGGTAATGATTCC
TACGATGAAAATAAAAACGGCTTGCTTGTTCTCGATGAGTGCGGTACTTGGTTTAATACCCGTTCTTGGAATGATAA
GGAAAGACAGCCGATTATTGATTGGTTTCTACATGCTCGTAAATTAGGATGGGATATTATTTTTCTTGTTCAGGACT
TATCTATTGTTGATAAACAGGCGCGTTCTGCATTAGCTGAACATGTTGTTTATTGTCGTCGTCTGGACAGAATTACT
TTACCTTTTGTCGGTACTTTATATTCTCTTATTACTGGCTCGAAAATGCCTCTGCCTAAATTACATGTTGGCGTTGT
TAAATATGGCGATTCTCAATTAAGCCCTACTGTTGAGCGTTGGCTTTATACTGGTAAGAATTTGTATAACGCATATG
ATACTAAACAGGCTTTTTCTAGTAATTATGATTCCGGTGTTTATTCTTATTTAACGCCTTATTTATCACACGGTCGG
TATTTCAAACCATTAAATTTAGGTCAGAAGATGAAATTAACTAAAATATATTTGAAAAAGTTTTCTCGCGTTCTTTG
TCTTGCGATTGGATTTGCATCAGCATTTACATATAGTTATATAACCCAACCTAAGCCGGAGGTTAAAAAGGTAGTCT
CTCAGACCTATGATTTTGATAAATTCACTATTGACTCTTCTCAGCGTCTTAATCTAAGCTATCGCTATGTTTTCAAG
GATTCTAAGGGAAAATTAATTAATAGCGACGATTTACAGAAGCAAGGTTATTCACTCACATATATTGATTTATGTAC
TGTTTCCATTAAAAAAGGTAATTCAAATGAAATTGTTAAATGTAATTAATTTTGTTTTCTTGATGTTTGTTTCATCA
TCTTCTTTTGCTCAGGTAATTGAAATGAATAATTCGCCTCTGCGCGATTTTGTAACTTGGTATTCAAAGCAATCAGG
CGAATCCGTTATTGTTTCTCCCGATGTAAAAGGTACTGTTACTGTATATTCATCTGACGTTAAACCTGAAAATCTAC
GCAATTTCTTTATTTCTGTTTTACGTGCAAATAATTTTGATATGGTAGGTTCTAACCCTTCCATTATTCAGAAGTAT
AATCCAAACAATCAGGATTATATTGATGAATTGCCATCATCTGATAATCAGGAATATGATGATAATTCCGCTCCTTC
TGGTGGTTTCTTTGTTCCGCAAAATGATAATGTTACTCAAACTTTTAAAATTAATAACGTTCGGGCAAAGGATTTAA
TACGAGTTGTCGAATTGTTTGTAAAGTCTAATACTTCTAAATCCTCAAATGTATTATCTATTGACGGCTCTAATCTA
TTAGTTGTTAGTGCTCCTAAAGATATTTTAGATAACCTTCCTCAATTCCTTTCAACTGTTGATTTGCCAACTGACCA
GATATTGATTGAGGGTTTGATATTTGAGGTTCAGCAAGGTGATGCTTTAGATTTTTCATTTGCTGCTGGCTCTCAGC
GTGGCACTGTTGCAGGCGGTGTTAATACTGACCGCCTCACCTCTGTTTTATCTTCTGCTGGTGGTTCGTTCGGTATT
TTTAATGGCGATGTTTTAGGGCTATCAGTTCGCGCATTAAAGACTAATAGCCATTCAAAAATATTGTCTGTGCCACG
TATTCTTACGCTTTCAGGTCAGAAGGGTTCTATCTCTGTTGGCCAGAATGTCCCTTTTATTACTGGTCGTGTGACTG
GTGAATCTGCCAATGTAAATAATCCATTTCAGACGATTGAGCGTCAAAATGTAGGTATTTCCATGAGCGTTTTTCCT
GTTGCAATGGCTGGCGGTAATATTGTTCTGGATATTACCAGCAAGGCCGATAGTTTGAGTTCTTCTACTCAGGCAAG
TGATGTTATTACTAATCAAAGAAGTATTGCTACAACGGTTAATTTGCGTGATGGACAGACTCTTTTACTCGGTGGCC
TCACTGATTATAAAAACACTTCTCAGGATTCTGGCGTACCGTTCCTGTCTAAAATCCCTTTAATCGGCCTCCTGTTT
AGCTCCCGCTCTGATTCTAACGAGGAAAGCACGTTATACGTGCTCGTCAAAGCAACCATAGTACGCGCCCTGTAGCG
GCGCATTAAGCGCGGCGGGTGTGGTGGTTACGCGCAGCGTGACCGCTACACTTGCCAGCGCCCTAGCGCCCGCTCCT
TTCGCTTTCTTCCCTTCCTTTCTCGCCACGTTCGCCGGCTTTCCCCGTCAAGCTCTAAATCGGGGGCTCCCTTTAGG
GTTCCGATTTAGTGCTTTACGGCACCTCGACCCCAAAAAACTTGATTTGGGTGATGGTTCACGTAGTGGGCCATCGC
CCTGATAGACGGTTTTTCGCCCTTTGACGTTGGAGTCCACGTTCTTTAATAGTGGACTCTTGTTCCAAACTGGAACA
ACACTCAACCCTATCTCGGGCTATTCTTTTGATTTATAAGGGATTTTGCCGATTTCGGAACCACCATCAAACAGGAT
TTTCGCCTGCTGGGGCAAACCAGCGTGGACCGCTTGCTGCAACTCTCTCAGGGCCAGGCGGTGAAGGGCAATCAGCT
GTTGCCCGTCTCACTGGTGAAAAGAAAAACCACCCTGGCGCCCAATACGCAAACCGCCTCTCCCCGCGCGTTGGCCG
ATTCATTAATGCAGCTGGCACGACAGGTTTCCCGACTGGAAAGCGGGCAGTGAGCGCAACGCAATTAATGTGAGTTA
GCTCACTCATTAGGCACCCCAGGCTTTACACTTTATGCTTCCGGCTCGTATGTTGTGTGGAATTGTGAGCGGATAAC
AATTTCACACAGGAAACAGCTATGACCATGATTACGAATTCGAGCTCGGTACCCGGGGATCC 
 
A.3.2 Core staple strands 
It should be noted that the number of core staple strands here is slightly less than the 
number of core staple strands in the paper [D] Gür et al., Toward Self-Assembled 
Plasmonic Devices: High-Yield Arrangement of Gold Nanoparticles on DNA Origami 
Templates. ACS Nano 2016, 10, 5374–5382. The difference is binding sites from 0 to 9 
were introduced in this thesis, while in the paper binding sites from 1 to 8 were used. 
 
Oligonucleotide 1 TTAAATCAGCTCATGTGGCATCAATTCTATCAGTTGAGATTT 
Oligonucleotide 2 CCCGATTTAGAGCTCCGAGATAGGGTTGAACGGTAATCGTAA 
Oligonucleotide 3 ACAAACGGCGGATTTCATTCCATATAACTAGCGAGAGGCTTT 
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Oligonucleotide 4 GCAAAGACACCACGCTAAATTTAATGGTGGGTTATATAACTA 
Oligonucleotide 5 AACAACATGTTCAGCAGAGGGTAATTGAATCACCGGAACCAG 
Oligonucleotide 6 CGGGAGCTAAACAGGCCAACGCGCGGGGAGCTTTCATCAACA 
Oligonucleotide 7 AGGTTTTGAAGCCTGAACGCGAGGCGTTTTCCTGATTATCAG 
Oligonucleotide 8 GACCAGTCAGGAAAAACGCTC 
Oligonucleotide 9 GCAGCAAGCGGTCCGTCACGCTGCGCGTATCTAAAATATCTT 
Oligonucleotide 10 TGGCAGATTCACCAAGCGGATTGCATCAATATCGCGTTTTAA 
Oligonucleotide 11 AGGCCACCGAGTAATGAGCTAACTCACAAGGTCACGTTGGTG 
Oligonucleotide 12 GCAACAGCTGATTGCCGCTACAGGGCGCGTCAGTTGGCAAAT 
Oligonucleotide 13 GCTGACCTTCATCATCAATATAATCCTGGATATAGAAGGCTT 
Oligonucleotide 14 TCTGGCCAACAGAGCAAAAATCAGGTCTAGCAAACTCCAACA 
Oligonucleotide 15 TTTGCTCAGTACCAGGGAGCCACCACCCTCACAGAGAGAATAAC 
Oligonucleotide 16 GTACGGTGTCTGGAAGTTGACCGTAATGGGATTTAATTGCGTTGCG 
Oligonucleotide 17 TGCCTTGAGTAACAGTGAATGGAAAGCGCACAACGCTAACGAGC 
Oligonucleotide 18 GCAGACGGTCAATCACAGAAATAAAGAACAAGTACCGCACTC 
Oligonucleotide 19 GAGATAACCCACAAAAGTAATTCTGTCCAAACATCAAGAAAA 
Oligonucleotide 20 GCATTAATGAATCGGAGGCCGATTAAAGGCCACGCTGAGAGC 
Oligonucleotide 21 GAAACCGAGGAAACTATAAAGCCAACGCTTAATTTTCCCTTA 
Oligonucleotide 22 TCACCCTCAGCAGCATCGTCGCTATTAATCAACAGTAGGGCT 
Oligonucleotide 23 GATATAAGTATAGCCCGGCCGCCTCCCTCAGAAGAATTAACTGAAC 
Oligonucleotide 24 AACAACATTATTACAATTGAGGAAGGTTAACCACCACACCCG 
Oligonucleotide 25 CGACAACTCGTATTTTAATTTCAACTTTTACTTTTGCGGGAG 
Oligonucleotide 26 CAATAGATAATACATTTGAGGATTAAGAACTGGCTCATAAAGCTAAA 
Oligonucleotide 27 TTGGAACAAGAGTCGCACTAAATCGGAAAACGTTATTAATTT 
Oligonucleotide 28 CCTTGCTTCTGTAAGAAAGACAGCATCGTTTCGTCACCAGTA 
Oligonucleotide 29 CATTGAATCCCCCTGACAATATTTTTGATAACATCACTTGCC 
Oligonucleotide 30 TCGGTTGTACCAAAAACATCATATGTACCCCGAAAATCCCTTATAA 
Oligonucleotide 31 ATGATGGCAATTCAAGAGTAATCTTGACAGTCAAATCACCAT 
Oligonucleotide 32 ATCGAGAACAAGCATAATTTGCCAGTTAACAAACAAATAAAT 
Oligonucleotide 33 ATGGAAATACCTACCTGCAAGGCGATTAGGGAAGGGCGATCG 
Oligonucleotide 34 CTCATATATTTTAAATCTACAAAGGCTATCGTGGACTCCAACGT 
Oligonucleotide 35 GCTGAACCTCAAATATCAAACCCCAACTAATGCAGATATTTTCATTT 
Oligonucleotide 36 CCAATCGTATATTTTAGTTAA
Oligonucleotide 37 AAGTTTCCATTAAATTTAACAATTTCATAGAGAATATAAAGT 
Oligonucleotide 38 TGAGTAGAAGAACTCTGTGTGAAATTGTCGCACTCCAGCCAG 
Oligonucleotide 39 GTTTACCAGACGACCCGCCTGCAACAGTGGATTTTAGACAGG 
Oligonucleotide 40 GGCCGGAAACGTCATGTAGCATTCCACACTTTTGCGGGATCG 
Oligonucleotide 41 ACCGACAAAAGGTAGAATTGAGTTAAGCCATAGCCCCCTTAT 
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Oligonucleotide 42 AAGCCTTTATTTCACAAGAGAATCGATGAGTGTTGTTCCAGT 
Oligonucleotide 43 AATAGATAAGTCCTGCGCATTAGACGGGGCCGCCACCCTCAG 
Oligonucleotide 44 ACAGTTTCAGCGGAGGTAAATATTGACGCATATAAAAGAAAC 
Oligonucleotide 45 TATCAAAATTATTTGCACGTAAAATAAGGGAACCGAATTAATGCCCC 
Oligonucleotide 46 ATAATTACTAGAAACTCCTTATTACGCAAGCCATTTGGGAAT 
Oligonucleotide 47 AGACGCTGAGAAGAGTCAATAGTCGCCCACGCATAACCTTTCCAGAC 
Oligonucleotide 48 CAAGCAGCTGTTTCCAAACTATCGGCCTACCTGAAAGCGTAA 
Oligonucleotide 49 GGGCTTGAGATGGTAAATCCTTTGCCCGCCCTAAAGGGAGCC 
Oligonucleotide 50 AGTTAGCGTAACGATCTCACCAGTAGCACCATACCCAAAAGAAC 
Oligonucleotide 51 CGTTCCAGTAAGCGCTGGTAATAAGTTTAGGCGCATAGGCTG 
Oligonucleotide 52 CAAACTACAACGCCCCAATGAAACCATCAAAGTTACCAGAAG 
Oligonucleotide 53 GGGGCGCGAGCTGAAAAGTTTTTAACCAATAGCACCAGTGAGACGG 
Oligonucleotide 54 GGCTGAGACTCCTCCCGCCGCCAGCATTACGATTTTTTGTTT 
Oligonucleotide 55 GTGTGATAAATAAGCATAAAGGTGGCAAGAAATTATTCATTA 
Oligonucleotide 56 AGAACAATATTACCCACGACGTTGTAAAACCAGGCAAAGCGC 
Oligonucleotide 57 ACCTTATGCGATTTTTAGAAGTATTAGAGGCGAACGTGGCGA 
Oligonucleotide 58 GTTAGTAAATGAATTTTCCCGTCACCGACTTGGTATGTTAGCAAAC 
Oligonucleotide 59 AGGAATACCACATTTCAATCAATATCTGGTACTATGGTTGCT 
Oligonucleotide 60 TTTCATCTTCTGACGAATAAGTTTATTTGCGACATTCAACCG 
Oligonucleotide 61 AAGGTGAATTATCATGTATGGGATTTTGTAGTTGCGCCGACA 
Oligonucleotide 62 ATTACCGCGCCCAAATCCTGAATCTTACGTCTCTGAATTTAC 
Oligonucleotide 63 CATTAACATCCAATTTTTGTTAAAATTCGCCCTGAGAGAGTT 
Oligonucleotide 64 GAATACGTGGCACACAAATGCTTTAAACCTCCTTTTGATAAG 
Oligonucleotide 65 CAAATTCTTACCAGGCAATAATAACGGAATTACCATTAGCAA 
Oligonucleotide 66 GCCCACTACGTGAACCGTCTATCAGGGCCCGGAGAGGGTAGC 
Oligonucleotide 67 AGGCAGAGGCATTTTAGCAATAGCTATCTTTAGCGTCAGACT 
Oligonucleotide 68 ACGGCTACAGAGGCACATAAATCAATATCCAACATGTAATTT 
Oligonucleotide 69 AGGGTTTTCCCAGTGCCAGCCATTGCAAAATAAAAGGGACAT 
Oligonucleotide 70 ACCCTGAACAAAGTCTAATGCAGAACGCATTATTCATTTCAA 
Oligonucleotide 71 ATTGCGAATAATAACCAAAGACAAAAGGTGTCACAATCAATA 
Oligonucleotide 72 CAGGTTTAACGTCAGCTCCATGTTACTTTGAAAGTATTAAGA 
Oligonucleotide 73 GCTTTGAATACCAAGTTACAAAACCCCAGCGATTATACGAGAGGGTT 
Oligonucleotide 74 TCGCAAATGGTCAATAGCCTTCCTGTAGCCAGAGGCGGTTTGCG 
Oligonucleotide 75 GTTGTAGCAATACTGAGCCGGAAGCATAGCCAGTTTGAGGGG 
Oligonucleotide 76 TTACCTGAGCAAAAACGAAAGAGGCAAACGTACTCAGGAGGT 
Oligonucleotide 77 ATAATGCTGTAGCTCAGTAACCGTGCATCTAAGTGTAAAGCCTG 
Oligonucleotide 78 AAGGCTTGCCCTGAACATTATCATTTTGAAGTTTTTTGGGGT 
Oligonucleotide 79 AATCAGTAGCGACAACCGTAACACTGAGGAACGAGGGTAGCA 
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Oligonucleotide 80 AAGTACAACGGAGAATAACGGATTCGCCATATCCCATCCTAA 
Oligonucleotide 81 TCCACACAACATACTCTTTGATTAGTAAATGGCTATTAGTCT 
Oligonucleotide 82 CCGCGCTTAATGCGCCCTTCACCGCCTGGCATTAAATTTTTG 
Oligonucleotide 83 GTGAATTTCTTAAACTCCGGCTTAGGTTTTGAAATACCGACC 
Oligonucleotide 84 ATATTATTTATCCCAACGGGTATTAAACATTGCGTAGATTTT 
Oligonucleotide 85 CACCCTCAGAGCCACCTCGGCATTTTCGGTCCAATAATAAGAGC 
Oligonucleotide 86 CTTATCATTCCAAGAATCCAAATAAGAAGACAGGAGGTTGAG 
Oligonucleotide 87 AGCCACCACCGGAAAATAGGTGTATCACAGAATACACTAAAA 
Oligonucleotide 88 TTCGAGCTTCAAAGGCTGCGCAACTGTTAGTTGGGTAACGCC 
Oligonucleotide 89 AGACTGGATAGCGTGATAGCCCTAAAACCACGCAAATTAACC 
Oligonucleotide 90 CTCACTGCCCGCTTATCCTGAGAAGTGTAACAGAGGTGAGGC 
Oligonucleotide 91 GGTCAGGATTAGAGTTCTGGTGCCGGAAACGACGGCCAGTGC 
Oligonucleotide 92 GAGTCTGGAGCAAAACGCAAGGATAAAAACGAGTAGTAAATT 
Oligonucleotide 93 AACGGTACGCCAGATCCAGTCGGGAAACGATTCTCCGTGGGA 
Oligonucleotide 94 ATCAAAAGAATAGCTGACGGGGAAAGCCCTTTACAAACAATT 
Oligonucleotide 95 TTAAATGTGAGCGAGATTTAGTTTGACCCTATCATAACCCTC 
Oligonucleotide 96 AGCAAAATTAAGCAATGGAAGATTGTATAACAGCAGGCGAAAAT 
Oligonucleotide 97 GATACAGGAGTGTATCATACATGGCTTTTTGCTATTTTGCAC 
Oligonucleotide 98 TTAGTACCGCCACCTTTTCATAATCAAAGCGCTAATATCAGA 
Oligonucleotide 99 CAACAGTTGAAAGGAGGTAGAAAGATTCACTAATAGTAGTAG 
Oligonucleotide 100 GCAGGTCAGACGATATTATTCTGAAACAAGCCGGAACGAGGC 
Oligonucleotide 101 CTTTCCGGCACCGCAGTACCTTTAATTGAGTTCAGAAAACGA 
Oligonucleotide 102 TTCAACCGTTCTAGGAAAGGCCGGAGACAAGAACCGGATATT 
Oligonucleotide 103 TTACCTTTTTTAATGGAAACAGTTTTGAGGACTAAAGGGATAGCAAG 
Oligonucleotide 104 TAATTGAGAATCGCGCAGATAGCCGAACGATAGCAGCACCGT 
Oligonucleotide 105 CACTCATCTTTGACTCGCGCAGAGGCGAGCCTGTTTATCAAC 
Oligonucleotide 106 TAGCGTTTGCCATCCTCAGAACCGCCACAATGCCACTACGAA 
Oligonucleotide 107 AACCACCACCAGAGAAGAGAAGGATTAGTGATAAATTGTGTC 
Oligonucleotide 108 AAGAGGACAGATGAGAAGGGTTAGAACCTCATCGTAGGAATC 
Oligonucleotide 109 AAAGATTCAAAAGGGTGACTGATAAATTAATGGACCGACTTGCGGG 
Oligonucleotide 110 ACGACGACAGTATCGATGGCTTAGAGCTTCGTCATAAATATT 
Oligonucleotide 111 ATCCGGTATTCTAATAAATCAAGATTAGTGATCAATATGATA 
Oligonucleotide 112 CATTACCCAAATCAGAATTATCATCATATTAGCGAACCTCTG 
Oligonucleotide 113 GGAATTACGAGGCAAAATCTAAAGCATCCGTTAGAATCAGAG 
Oligonucleotide 114 CGAGGTGCCGTAAACACTATTAAAGAACAGGTCATTGCCTGA 
Oligonucleotide 115 CCCAATAGGAACCCATGTGAATCAAGTTTGCCTTACCGAAGCCCTT 
Oligonucleotide 116 TTGACGAGCACGTAGTGGTTTTTCTTTTGAACGCCATCAAAA 
Oligonucleotide 117 GCTGAGGCTTGCAGATAGCGATAGCTTATCATATGCGTTATA 
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Oligonucleotide 118 GGCACCAACCTAAAGAAGATGATGAAACAGACGACGACAATA 
Oligonucleotide 119 CTGCCTATTTCGGAACCTTGGCCTTGATATTCCAAAATAAACAGCC 
Oligonucleotide 120 CATTAAAAATACCGAACGAACCATGCCAGAGGGGGTATGCAACTAAA 
Oligonucleotide 121 AACGTCAAAAATGAGAAACCAATCAATAAACAGTACCTTTTA 
Oligonucleotide 122 TGGCAAGTGTAGCGACGCTGGTTTGCCCGCAAATATTTAAAT 
Oligonucleotide 123 GAAAGGAAGGGAAGGTTCCGAAATCGGCGTTGATAATCAGAA 
Oligonucleotide 124 AGGTCATTTTTGCGGGCCTCAGGAAGATTATCCGCTCACAAT 
Oligonucleotide 125 CCAGCTACAATTTTTAGCAAGCAAATCAATTGTTTGGATTAT 
Oligonucleotide 126 ACGTTGGGAAGAAAACTAATAGATTAGAGGGCGCTAGGGCGC 
Oligonucleotide 127 TGTAAACGTTAATAAAATCATACAGGCAAAACGAACTAACGG 
Oligonucleotide 128 CAAAGAAACCACCAGAAGGAGCGACGTAACAAAGCTGATGTGTAGGT 
Oligonucleotide 129 GAATGACCATAAATATAGAACCCTTCTGTGCTGGTAATATCC 
Oligonucleotide 130 GTAGAAAATACATAGCGTTAAATAAGAACATAGGTCTGAGAG 
Oligonucleotide 131 ACTACCTTTTTAACCAGCTTGATACCGACTAAACAACTTTCA 
Oligonucleotide 132 GAAATCCGCGACCTGATGAATATACAGTATCGGCTGTCTTTC 
Oligonucleotide 133 GGTCAGTATTAACAGATAAAAACCAAAAAGTTGATTCCCAAT 
Oligonucleotide 134 ATGACAACAACCATGAATTTATCAAAATTAAACACCGGAATC 
Oligonucleotide 135 AACTAGCATGTCAATTATGACCCTGTAAAATCATTGTGAATT 
Oligonucleotide 136 TCTGCGAACGAGTAGTAACAACCCGTCGCTGTCGTGCCAGCT 
Oligonucleotide 137 TGCAAAAGAAGTTTCCAGCAGAAGATAATTTTATAATCAGTG 
Oligonucleotide 138 TTTACGAGCATGTAAAATAGCAGCCTTTAGAGCCGCCACCAG 
Oligonucleotide 139 ATTGAGGGAGGGAAGTGAGAATAGAAAGAGCTTGCTTTCGAG 
Oligonucleotide 140 TTTAAGAAAAGTAACATATTTAACAACGATGTGAGTGAATAA 
 A.3.3 Binding site staple strands 
It should be noted that binding sites from 0 to 9 should be included to the assembly 
reaction with/out extension (colored extension) depending on the desired binding sites 
for the attachment of AuNPs or/and Qdots. For example, for the alternating binding sites 
for the attachment of AuNPs, binding sites 0, 2, 4, and 8 are picked, and staple strands 
lacking poly-A extensions for binding sites 1, 3, 5, 7 and 9 are used.   
A.3.3.1 Binding sites for the attachment of AuNPs 
 
BS 0 ATAGTCAGAAGCAAGTCACACAAAAAAAAAAAAAAA 
BS 0 GACCGGATTACCCTGACTATTAAAAAAAAAAAAAAA 
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BS 0 CATTCGCCATTCAGCGAACCAAAAAAAAAAAAAAAA 
  
BS 1 TAGATGGGCGCATCACATGTTTTAAATAATAGTAAAATGTTTAAAAAAAAAAAAAAA 
BS 1 GGGTGCCTAATGAGAAGAGTCTGTCCATATCGCAAAAAAAAAAAAAAA 
BS 1 TTAATGCGCGAACTCCAATACTGCGGAATAATTGCTGAATAAAAAAAAAAAAAAA 
  
BS 2 ATAATTCGCGTCTGACCTGTTTAGCTATACATAACGCCAAAAAAAAAAAAAAAAAAA 
BS 2 TATTGGGCGCCAGGTAACGTGCTTTCCTACCTTAAAAAAAAAAAAAAA 
BS 2 CAGCAGCAAATGAATAGTAAGAGCAACAATTAGATACATTAAAAAAAAAAAAAAA 
  
BS 3 AAGCCCCAAAAACAAAAGCCTCAGAGCATTATACCAGTCAGGAAAAAAAAAAAAAAA 
BS 3 CCTGTTTGATGGTGAAAGCGAAAGGAGCGCCGTAAAAAAAAAAAAAAA 
BS 3 TAGGAGCACTAACAAATCTACGTTAATAAGGCAAAGAATTAAAAAAAAAAAAAAA 
  
BS 4 TATTTTTGAGAGATGCAATGCCTGAGTACTCATTCAGTGAATAAAAAAAAAAAAAAA 
BS 4 CAAAGGGCGAAAAACCATCACCCAAATCCGGAAAAAAAAAAAAAAAAA 
BS 4 TAAAAGTTTGAGTACGAGAAACACCAGAATTTTTAGAACCAAAAAAAAAAAAAAA 
  
BS 5 CCTCATTAAAGCCAGCCCGTATAAACAGCTGACCAACTTTGAAAAAAAAAAAAAAAA 
BS 5 GTCTTTCCAGAGCCAGCCGTTTTTATTTTACCAAAAAAAAAAAAAAAA
BS 5 ACTTCTGAATAATGACGGTGTACAGACCTAACGGGGTCAGAAAAAAAAAAAAAAA 
  
BS 6 AACCGCCACCCTCACGGATAAGTGCCGTCCAAGCGCGAAACAAAAAAAAAAAAAAAA 
BS 6 ATAAAAACAGGGAAGAACAAGAAAAATATGATTAAAAAAAAAAAAAAA 
BS 6 CATCGGGAGAAACATTTGTATCATCGCCGATTAGCGGGGTAAAAAAAAAAAAAAA 
  
BS 7 GTAGCGCGTTTTCAACCCTCATTTTCAGACTTTTTCATGAGGAAAAAAAAAAAAAAA 
BS 7 AAGAAACAATGAAATCGAGCCAGTAATATTGAAAAAAAAAAAAAAAAA 
BS 7 CAAAATTAATTACACGGGTAAAATACGTCCTCAGAACCGCAAAAAAAAAAAAAAA 
  
BS 8 TAGAGCCAGCAAAATAAAGTTTTGTCGTCGATATATTCGGTCAAAAAAAAAAAAAAA 
BS 8 TGGCATGATTAAGAAAGCCTGTTTAGTAGATTAAAAAAAAAAAAAAAA 
BS 8 GAATCCTTGAAAACGGAGTTAAAGGCCGGACAGCCCTCATAAAAAAAAAAAAAAA 
  
BS 9 TATGTAAATGCTGATGTATCGAAAAAAAAAAAAAAA 
BS 9 GTTTATCGAACAACTAAAGGAAAAAAAAAAAAAAAA 
BS 9 AAGGAGCCTTTAATTGCAAATAAAAAAAAAAAAAAA 
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 A.3.3.2 Thiol modified oligonucleotides for the functionalization of AuNPs 
Monothiol 5'-ThioMC6-D/TTTTTTTTTTTTTTTTTTT 
Dithiol 5'-DTPA/TTTTTTTTTTTTTTTTTTT
 
A.3.3.3 Binding sites for the attachment of Qdots 
BS 0 ATAGTCAGAAGCAAGTCACACGAAGAAGAAGAAGAAGAA 
BS 0 GACCGGATTACCCTGACTATTGAAGAAGAAGAAGAAGAA 
BS 0 CATTCGCCATTCAGCGAACCAGAAGAAGAAGAAGAAGAA
  
BS 9 TATGTAAATGCTGATGTATCGGTGTGTGTGTGTGTGTGT 
BS 9 GTTTATCGAACAACTAAAGGAGTGTGTGTGTGTGTGTGT 
BS 9 AAGGAGCCTTTAATTGCAAATGTGTGTGTGTGTGTGTGT 
 A.3.3.4 Biotin modified oligonucleotides for the functionalization of Qdots 
For donor Qdot-BS 0 5'-BIO TTCTTCTTCTTCTTCTTC 
For acceptor Qdot-BS 9 5'-BIO ACACACACACACACACAC 
 A.3.4 Staple strands for multimerization of 6-HBs 
It should be noted that these are additional staple strands in the ss loops of the 6-HB for 
interconnecting monomer A, B, C 6-HBs. These staple strands were added only for the 
multimerization experiments. 
 
A Left 1 GTGCGGGCCTCTTCGCTATTACG 
A Left 2 CCAGCTGGCGAAAGGGGGATGTGATTTTGACGCTCAATCGTC 
A Left 3 TGAAATGGATTATTTACAT 
  
A Right 1 GAAAATTACCAGCGTTTTTTCACGTTGAAAAAAAGGCTCCAA
A Right 2 ACTTTTTCAAACAAGACAAAGA 
  
B Left 1 AAAAGATTAAGAGGAATCCAA 
B Left 2 AAATCGCCCGAAAGACTTCAA 
B Left 3 GTGCGGGCCTCTTCGCTATTACGGGTTT 
B Left 4 CATATCCAGCTGGCGAAAGGGGGATGTG 
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B Left 5 ATTTTGACGCTCAATCGTCAGAAA 
B Left 6 ACGCGTGAAATGGATTATTTACAT 
  
B Right 1 AGGAATCCAAAAAAAAGGCTCCAA 
B Right 2 TTTTTTCACGTTGAAAATCGCCCG 
B Right 3 TTACGGGTTTACCAGCG 
B Right 4 GAAAATTCATATCCAGC 
B Right 5 TCGTCAGAAAACTTTTTCAAA 
B Right 6 CAAGACAAAGAACGCGTGAAA 
  
C Left 1 AAAGACTTCAAAAAAGATTTTACAT 
C Left 2 GTGCGGGCCTCTTCGCTA 
C Left 3 TGGCGAAAGGGGGATGTGATTTTGACGCTCAATGGATTATAAG 
  
C Right 1 TCCAAAAAAAAGGCTCCAA 
C Right 2 GGTTTACCAGCGTTTTTTCACGTTGAAAATC 
C Right 3 GAAAATTCATAT 
C Right 4 AGAAAACTTTTTCAAACAAGACAAAGAACGCG 
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